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ABSTRACT
The first step in urine formation is the filtration of blood plasma across the walls of
glomerular capillaries. The mechanisms by which the glomerular capillary wall selectively filters
plasma solutes can be studied by comparing the sieving curves of tracer molecules of varying size
and charge. The properties of ficoll, a crosslinked co-polymer of sucrose and epichlorohydrin,
make it ideal for use as a tracer macromolecule. It has a rigid spherical structure, varies in radius
from 10 to 100 A, is physiologically inert, and can be sulfated to provide an anionic analog. The
goal of this thesis research was to synthesize and characterize ficoll sulfate and use it in
collaborative tracer experiments investigating the structure and function of kidney capillaries.
Ficoll sulfate was synthesized by reacting ficoll with chlorosulfonic acid in the presence of
pyridine. The effects of reaction time, reactant concentration and temperature on the degree of
product sulfation were determined. Increasing the ficoll concentration reduced the degree of
sulfation and allowed fluorescent labelling of ficoll sulfate for detection purposes. The ficoll
sulfate size distributions were comparable to those of ficoll. The anionic character of ficoll sulfate
was demonstrated using ion exchange chromatography and negatively charged membranes. Ficoll
sulfate exhibited little or no binding to BSA.
Preparative size exclusion chromatography was used to fractionate ficoll sulfate into four
relatively monodisperse fractions to gain information about the structure of ficoll sulfate. The
dispersion of ficoll sulfate during size exclusion chromatography was modelled to optimize the
column dimensions and operating strategy. The weight-average molecular weight was determined
by static light scattering. Stokes radii were measured by dynamic light scattering and size
exclusion chromatography. The relationships between molecular weight and radius, and sulfur
content and radius were determined. Sulfur content was independent of molecular size, indicating
that sulfates are distributed evenly throughout the volume of the molecules.
The ability of the normal glomerular capillary wall to restrict the passage of anionic
macromolecules, relative to uncharged tracers of similar size and configuration, has been
demonstrated in vivo using a variety of test molecules. This suggests that the glomerular capillary
wall normally possesses fixed negative charges. The extent to which the glomerular basement
membrane (GBM) contributes to the charge-selectivity of the glomerular capillary wall has been
controversial. To reexamine this issue, the size- and charge-selectivity of filters made from
isolated rat GBM were assessed using polydisperse ficoll and ficoll sulfate as test macromolecules.
Filtration experiments using isolated GBM were performed by Dr. Barbara Daniels at the
University of Minnesota. Glomerular basement membrane was isolated from rat kidneys by
mincing, sieving and detergent lysis. The GBM pieces were consolidated into a layer at the base of
an ultrafiltration cell. The sieving coefficients of ficoll sulfate were not different from those of
ficoll at physiological ionic strength, although the values for ficoll sulfate were depressed at low
ionic strength. These results confirm that the GBM possesses fixed negative charges, but suggest
that its charge density is insufficient to confer significant charge-selectivity under physiological
conditions, where electrostatic interactions are relatively well screened. The sieving coefficients of
ficoll sulfate and ficoll were elevated similarly in the presence of BSA, which could be explained as
the combined effect of non-specific physical factors. The more novel of these, which seems not to
have been recognized previously in physiology, is the ability of finite concentrations of one
macromolecule (e.g., BSA) to augment the transmembrane passage of a second, tracer
macromolecule (e.g., ficoll), via intermolecular repulsions. The view that BSA does not affect the
intrinsic properties of the GBM was supported by the absence of an effect on the hydraulic
permeability of isolated GBM. The sieving coefficient of BSA was roughly half that of ficoll or
ficoll sulfate of similar Stokes-Einstein radius. Given the finding of negligible charge-selectivity,
this difference may be attributed to the nonspherical shape of albumin. The results suggest that, to
the extent that isolated GBM is similar to GBM in vivo, the charge-selectivity of the glomerular
capillary wall must be due to the endothelial and/or epithelial cell layers.
An accurate solute charge density estimate is required to model electrostatic effects on
macromolecular transport. The charge density of ficoll sulfate was determined from measurements
of its diffusion across track-etched polycarbonate membranes, having negatively charged straight
cylindrical pores. The charge density of ficoll sulfate was determined by fitting the experimental
data to a transport model that used a linearized version of the Poisson-Boltzmann equation to
describe the electrical potential. The effect of using the linearized Poisson-Boltzmann equation was
found to be relatively small by solving the full equation for an isolated ficoll sulfate molecule.
Using this method, the number of charges per ficoll sulfate molecule less than the number of
sulfate groups.
The applicability of a number of theoretical models to glomerular basement membrane
permeability data were evaluated. Water flow models that assumed the GBM was composed of a
single fiber size did not accurately predict hydraulic permeabilities. It is unlikely alternative fiber
arrangements would improve the predictions of the single fiber models. Three models that
assumed the GBM was composed of two fiber sizes accurately predicted the hydraulic permeability
for a range of small/large fiber volume ratios. It is hypothesized that these models are superior
because they account for the heterogeneity of the fibers that make up the GBM. Single fiber
models of partitioning and diffusion did not accurately predict ficoll and ficoll sulfate sieving
coefficients in GBM. Hetero-fibrous membrane models of macromolecular transport would likely
provide more accurate predictions.
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Chapter 1. Background
1.1 Introduction
The role of the kidney is to help maintain homeostasis by removing waste products such as
urea, uric acid and sulfates from blood while conserving essential substances such as water,
sugars, amino acids, salts and plasma proteins. The first step in carrying out these functions is the
filtration of blood plasma across the walls of glomerular capillaries. Impairment of glomerular
filtration is a central characteristic of the predominant forms of kidney disease and can also result
from diseases which affect the kidneys secondarily, such as diabetes and essential hypertension.
Glomerular disease can be due to structural or chemical alterations in the glomerulus or to
changes in glomerular hemodynamics. The two most important results of glomerular disease are
decreased urinary output, which results from a reduction in glomerular filtration rate (GFR) and
can lead to buildup of wastes such as urea, and proteinuria, the loss of serum proteins such as
albumin in the urine.
In order to properly diagnose and treat these disorders, the roles the individual capillary
wall components play in healthy glomerular filtration must be more clearly understood. This
would allow the creation of structurally detailed mathematical models of glomerular filtration which
could predict the effects of structural, chemical, and hemodynamic alterations on GFR and solute
sieving.
1.2 Kidney Anatomy and Function
A pair of kidneys lie on each side of the vertebral column in the posterior of the abdomen
and are characterized by a pale outer region, the cortex, and a darker inner region, the medulla.
Each human kidney is supplied by a single renal artery which subdivides into three segmental or
lobar arteries which further subdivide into interlobar arteries, interlobular arteries, and finally
afferent arterioles which lead to the glomerular capillary network.
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Nephrons are the functional unit of the kidney and are made up of the afferent and efferent
arterioles, the glomerular capillary network, Bowman's capsule, a proximal tubule, the loop of
Henle, a distal tubule and a collecting duct.. A portion of this is shown in Figure 1.1. The tubule
has several structurally and functionally distinct segments, including the proximal tubule, the loop
of Henle, the distal tubule, and the collecting duct. Approximately 20% of cardiac output flows
through approximately two million nephrons in humans and 60 thousand nephrons in rats which
convert approximately one fifth of plasma to essentially protein-free filtrate
(Tisher and Madsen, 1986).
Blood flows from the afferent arteriole to the glomerular capillary network, where
hydrostatic pressure causes approximately one fifth of plasma volume to filter across the walls of
the capillaries. The glomerular capillary wall is a highly specialized ultrafiltration membrane which
is characterized by high water permeability and low plasma protein permeability. The
concentrations of small molecules such as sugars and urea in the glomerular filtrate are equal to
those in plasma but the filtrate is almost entirely free of proteins. This is due to the ability of the
glomerular capillary wall to selectively filter plasma solutes on the basis of size and charge, as will
be discussed in more detail in Section 1.4.
Blood then exits the glomerular capillary network to the efferent arteriole. Filtrate collects
in Bowmans space and then exits through the proximal tubule. In humans, approximately 170
liters of filtrate is produced per day, the majority of which is reabsorbed in the subsequent tubule
segments, with the remaining 1-1.5 liters per day being excreted as urine (Kanwar and
Venkatachalam, 1992).
1.3 Structure and Function of the Glomerular Capillary Wall
The glomerular capillary wall is highly permeable to water, but extremely restrictive to
plasma proteins. It consists of three distinct layers. The endothelial cell layer lines the lumen of
Glomerular capillaries
Proximal tubule
Bowman's
Capsule
Bowman's space
Efferent Afferent
arteriole arteriole
Figure 1.1: Nephrons are made up of the afferent and efferent arterioles, glomerular
capillaries, Bowman's capsule, a proximal tubule and (not shown) the loop of Henle,
a distal tubule and a collecting duct.
the capillary. The collagenous basement membrane forms the middle layer, which provides
structural support. The epithelial cells have long interdigitating foot processes which extend from
the main body of the epithelial cells, or podocytes, to attach to the outer base of the glomerular
basement membrane (GBM). The three layers of the glomerular capillary wall are shown in Figure
1.2.
Endothelial Cells
The lumen of glomerular capillaries are covered by endothelial cells. These cells are
perforated by large pores or fenestrae, approximately 100 nm in diameter that directly expose the
GBM to plasma (Kanwar and Venkatachalam, 1992). The endothelial cells are coated with an
anionic fiber matrix, the glycocalyx. Recent studies indicate the contribution of endothelial cells to
the overall selectivity of the glomerular capillary wall may not be significant (Drumond and Deen,
1995).
Glomerular Basement Membrane
Basement membranes are complex heteropolymers that serve many biological functions.
They provide mechanical support for cellular attachment, migration and differentiation. They also
serve as semipermeable membranes, passively regulating water and solute transport. The
glomerular basement membrane imparts the shape and rigidity of glomerular capillaries and is used
by the epithelial and endothelial cells for anchoring. Electron microscopy has revealed the presence
of two distinct layers: the electron lucent lamina rara, or lamina lucida, and the electron dense
lamina densa. The lamina densa lies between the subendothelial lamina rara interna and the
subepithelial lamina rara extrena. The lamina densa comprises 62-70 % of the GBM thickness, the
lamina rara interna 10 to 15 %, and the lamina rara extema 20 to 23 % (Shirato et al., 1991).
Figure 1.2: The glomerular capillary wall consists of an endothelial cell layer, a
collagenous basement membrane layer, and an epithelial cell layer.
GBM Chemical Constituents
The GBM consists of type IV collagen, laminin, fibronectin, enactin, and heparan sulfate
proteoglycan (Maddox et al., 1992; Laurie et al., 1984). Collagen is comprised of three left-
handed helical polypeptide chains wound together in a "rope like fashion as a right handed
superhelix" and is often described as a rod (Grodzinsky, 1983). Most collagens have a
continuously repeated -Gly-X-Y- repeat amino acid sequence. Collagen type IV is longer, -400
nm, and more flexible than other types of collagen. Each monomer is believed to be composed of
two 185 kD al chains and one 170 kD a2 chain. There are approximately 21 breaks in the amino
acid sequence in the al chain and 23 breaks in the a2 chain, making collagen IV more flexible
than other types of collagen. Small amounts of a3, a4, and a5 genetically distinct collagen type
IV variants have been identified in small amounts in the glomerular basement membrane
(Yurchenko, 1994). At one end of the rope-like assembly of collagen IV monomers is a -10 nm
noncollagenous globular domain, believed to participate in GBM assembly, and at the other end is
a -28 nm N-terminal cysteine rich 7S domain believed to impart structural integrity with disulfide
linkages (Yurchenko, 1994; Maddox, 1992).
Heparan sulfate proteoglycan has been found to make up 1% of the dry weight of GBM
(Kanwar and Farquhar, 1979). Most forms consist of an elongated 400 kD core protein, called
perlecan, which has four or five of heparin sulfate chains covalently bonded to one end (Vogel,
1994). The highly anionic heparan sulfate chains consist of repeating disaccharide units of
glucosamine and glucuronic acid bound together with sulfated glycosidic linkages (Kanwar and
Venkatachalam, 1992). Laminin is a component of glomerular basement membrane that is
important for structural integrity, assembly, and cellular interactions. Laminin is typically
composed of three disulfide linked subunit chains (A, B 1 and B2) that combine to form an
asymmetrical four armed structure. The molecular weight of protein in laminin is 710 kD and the
weight of carbohydrate is between 90 and 290 kD (Yurchenko, 1994). Entactin, or nidogen, is a
sulfated glycoprotein that is a crucial structural component of basement membrane because it binds
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to collagen IV, heparan sulfate proteoglycan, and laminin. It is composed of three globular
domains connected by a 15 nm rod and a flexible link. The total length of the molecule is 30 nm
and the molecular weight is 150 kD (Mayer and Timpl, 1994). Fibronectin is a 500 kD
glycoprotein that has been found in glomerular basement membranes and also as a soluble protein
in blood, spinal fluid and amniotic fluid. It is believed to bind laminin, different types of collagen,
and heparan sulfate proteoglycan. The molecule is a dimer of two 250kD subunits that are bound
by a disulfide link at their C termini. The molecule exists in the shape of a V when fully extended
and can fold into a compact globular shape (Pesciotta et al., 1994).
The concentration of charged species in the GBM has been estimated from solute transport
measurements and experimentally determined. A theoretical model that idealized the glomerular
capillary wall as being perforated by cylindrical pores and having a homogeneous distribution of
fixed negative charges was developed by Deen et al. (1980). The charge concentration of the
glomerular capillary wall that best predicted in-vivo dextran and dextran sulfate sieving data using
this model was 120-170 meq/1 (Deen et al., 1980) and for anionic and neutral horseradish
peroxidase sieving data, 60 meq/1 (Deen and Bridges, 1982). Comper et al. (1993) isolated rat
glomerular basement membrane and estimated the charge concentration to be 8 meq/1 by
performing ion exchange with the radioisotopes 22Na+ and 36C1-. Bray and Robinson (1984)
isolated rabbit GBM and measured a charge concentration of 0.1 meq/g of GBM protein,
approximately 12 meq/1, by performing titration to determine the isoelectric and isoionic point.
This charge was attributed to carboxyl groups by comparison with amino acid analysis and an
estimate based the weight of heparan sulfate in basement membrane. Kobayashi et al. (1989)
added cuprolinic blue dye to isolated GBM and then hydrolyzed the GBM in acid and
spectrophotometrically measuring the dye concentration in the solution. The concentration of
copper in the GBM was found to be 7.9 mg/g of GBM protein, which would correspond to a
charge concentration of 0.12 meq/g of GBM protein, assuming that the dye bound
stoichiometrically to all GBM charge groups. However, cuprolinic blue was found to bind more to
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sulfate groups than to carboxyl groups.
GBM Ultrastructure
The glomerular basement membrane is approximately 300 nm thick in humans and 110-200
nm thick in rats (Maddox, 1992; Daniels et al., 1992; Shirato et al., 1991; Kondo, 1990). Laurie
et al. (1984) used electron microscopic immunostaining to determine that Sprague Dawley rat
GBM was composed primarily of 2-8 nm thick cords that had a surface-to-surface spacing from 15
to 30 nm in the lamina rara and 3 to 20 nm in the lamina densa. The GBM was also found to
contain in lesser amounts 3.5 nm paired rods and 7 to 10 nm fibrils termed "basotubules".
However the presence of cords was less clear when the GBM was fixed with formaldehyde than
with glutaraldehyde. In addition, immunohistochemical studies revealed the presence of collagen
IV, laminin, entactin, heparan sulfate proteoglycan, and fibronectin uniformly throughout the
lamina densa and unevenly in the lamina rara layers. It was proposed that these constituents are all
present in the cords that predominate the GBM structure.
Kubosawa and Kondo (1985) used a deep-etch replica method to examine the fine structure
of Sprague Dawley rat GBM. The rat lamina rara layers were found to be composed of a
polygonal network of 6 to 8 nm fibrils with a 'mesh width' of 20 to 25 nm. The terms 'mesh
width' and pore diameter were used synonymously. It is postulated that mesh width corresponds
to surface-to-surface fiber distance. The fibrils of the lamina rara externa extended from the
epithelial foot processes to the lamina densa. The rat lamina densa appeared to be composed of
fibrils which had a large amount of fine particles attached to their surface. When ultrasonication
and trypsin treatment was used to remove particles from the lamina densa of bovine GBM, a mesh-
like structure composed of fibrils 5 to 8 nm in diameter with 20 to 25 nm mesh width, similar to
the lamina rara layers of the rat GBM was observed. The authors postulated that the fibrils were
composed primarily of collagen IV, and the particles attached to the fibrils, because trypsin
removed them, composed of laminin. Takami et al. (1991) observed that the lamina densa was
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composed of a polygonal network of 6 to 10 nm fibrils spaced (surface-to-surface) from 13 to 17
nm using a quick-freeze, deep-etch visualization method. Fibrils in the lamina rara externa and
lamina rara interna connected the epithelial foot processes and the endothelial cells, respectively, to
the lamina densa. Moriya et al. (1995) used a similar method and observed a similar fibril
arrangement in human glomerular basement membrane. The three layers of the glomerular
basement membrane had fibrils approximately 10 nm thick. There was a maximum of 20 nm
between the surfaces of the fibrils in the lamina densa. The fibrils in the lamina rara layers
connected the cell layers to the meshwork of the lamina densa. Shirato et al. (1991) used high
resolution scanning electron microscopy to visualize GBM structures. The lamina densa was
observed to have a densely packed granular appearance with 6 nm fibrils visible. The lamina rara
layers were observed to be composed of a polygonal structure of 5 to 11 nm fibrils spaced
(surface-to-surface) from 11 to 32 nm. The spacing of the lamina rara externa fibers was less
under the foot processes than under the slit diaphragms and the spacing of the lamina rara interna
was less under the endothelial cells than under the endothelial fenestrae. The fibrils of the lamina
rara externa appeared to connect the epithelial foot processes to the lamina densa, as was observed
by Kubosawa and Kondo (1985). A small number of microfibrils 14 to 18 nm thick were also
observed randomly oriented on the convex side of capillaries and bundled on the concave side of
peripheral capillary portions. Kondo (1990) observed a meshwork of strands in the lamina rara
layers of the GBM extending from the podocytes or the endothelial cells to the lamina densa, using
electron microscopy. Quantitative strand thickness measurements were not possible because
results varied when observations were made through the endothelial fenestrae, through epithelial
slit diaphragms, or from cross sections of the glomerular capillary wall.
The fraction of the volume of the glomerular basement membrane that is occupied by water
has been estimated from water and solute transport and recently experimentally measured.
Robinson and Walton (1989) estimated the GBM void fraction to be 0.85 to 0.9 by applying fiber
matrix theory to experimental data for the reflection coefficient of five test proteins. Robinson and
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Walton (1987) determined that 90% of the volume of in-vitro rat GBM was water but their
experimental methods were not well documented. Comper et al. (1993) incubated isolated rat
GBM in 3H20, centrifuged the wet GBM and weighed it, digested it with papain, centrifuged it
again to precipitate GBM material, and measured the radioactivity in the supernatant to determine
the water content in the GBM. The weight fraction of GBM that is water was found to be 93%.
Epithelial Cells
The epithelial cells reside on the Bowman's space side of glomerular capillaries. Foot
processes extend from the large cell bodies, or podocytes, to the lamina rara externa of the GBM.
The spaces between the foot processes near the GBM are spanned by slit diaphragms. The slit
diaphragms are between 25 and 60 nm wide and have a fibrous structure that resembles either a
ladder or a ladder with a central filament (Tisher and Madsen, 1986). The chemical composition of
the slit diaphragms is unknown. The epithelial cell membrane is covered by a thick, anionic
glycocalyx, or cell coat, that has a strong affinity for cationic reagents such as colloidal iron
(Maddox et al., 1992). It has been hypothesized that negative charges on the epithelial cells and
possibly the slit diaphragms help maintain spaces between foot processes for the passage of
filtrate, because neutralization of these charges with protamine or cationic ferritin causes foot
processes to broaden and occlude filtration channels (Kanwar, 1984; Kelley and Cavallo, 1978).
Negative charges on the slit diaphragms could also be responsible for the charge-selectivity
observed in vivo, in that these fibrous structures are in close proximity to molecules passing
between the foot processes.
1.4 Glomerular Permselectivity
Sieving Coefficients
The permselectivity of glomerular capillaries has been extensively studied in-vivo by
measuring the fractional clearance of tracer macromolecules (Maddox et al., 1992). The fractional
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clearance is defined as the ratio of the urinary clearance of the tracer molecule to that of a freely
filtered macromolecule such as inulin. If the tracer is not secreted or reabsorbed in the tubules, the
fractional clearance is equal to the sieving coefficient, the Bowman's space-to-plasma concentration
ratio. Sieving curves, plots of sieving coefficient vs. molecular size, can be generated from
measurements of plasma and urine tracer concentrations in humans and experimental animals. The
mechanisms by which healthy glomerular capillaries selectively filter plasma solutes can be studied
by comparing the sieving curves of different tracer molecules.
Tracers
Endogenous proteins, exogenous proteins, and exogenous synthetic polymers have been
used as tracers to study the filtration mechanisms of glomerular capillaries. Proteins have been
used to determine that molecular charge was a determinant of glomerular filtration. Purtell et al.
(1979) found that the sieving of albumin increased as the isoelectric point was increased by
chemical modification. In addition, it was observed that highly cationic albumin bound to
glomerular components. Rennke et al. (1978) found that the sieving of cationic horseradish
peroxidase was enhanced and the sieving of anionic horseradish peroxidase was diminished
relative to neutral horseradish peroxidase. Recently the protein immunoglobulin G has been used
extensively in urinary clearance studies for investigation of glomerular charge-selectivity
(Yamazaki et al., 1991; Chiba et al., 1991; Pietravalle et al.; 1991, Bangstad et al., 1992; Mario et
al., 1992; Morano et al., 1993; Hanssen et al., 1995a and 1995b; Kofoed-Enevoldsen et al., 1996;
Buis et al., 1997; Gall et al., 1997; Hemmelder et al., 1997; Taylor et al., 1997). It has neutral,
IgGl, anionic, IgG4, and cationic, IgG2, forms, which allow evaluation of membrane charge
selectivity from sieving measurements. Amylase is a protein that has also recently been used in
urinary clearance studies to evaluate membrane charge selectivity because it comes in anionic
(salivary amylase) and neutral (pancreatic) forms (Thum et al., 1993; Fox et al., 1993; Fox et al.,
1995; Buis et al., 1997; Hemmelder et al., 1997). Other proteins that have recently been used in
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urinary clearance studies include transferrin (Yamazaki et al., 1991), albumin (Pietravalle et al.,
1991; Remuzzi et al., 1991; Gall et al., 1997; Taylor et al., 1997), and polymerized human liver
ferritin (Kumagai et al., 1993). The recent urinary clearance studies that use proteins as tracers are
briefly summarized in Table 1.1. A review of studies done before 1991 can be found in Maddox et
al. (1992).
Quantitative conclusions from protein sieving studies are made difficult by the facts that a
high fraction of protein is normally reabsorbed in the tubules (Tojo and Endou, 1992; Buis et al.,
1997), and their size and charge cannot be varied systematically for comparisons of the isolated
effects of size and charge on sieving coefficients.
Exogenous polymers are more suitable for use as tracers than proteins. Dextran has been
used extensively as a tracer because it provides different molecular sizes with the same chemical
structure, it is not absorbed in the tubules, and has neutral, cationic (diethylaminoethyl dextran
(DEAE)), and anionic(dextran sulfate) forms (Caulfield and Farquhar, 1974; Bohrer et al., 1978;
Chang, 1978; Guasch et al., 1991; Neugarten et al., 1991; Remuzzi et al., 1991;
De-Barros-E-Silva et al., 1992; Guasch et al., 1992; Lemley, 1993; Ikegaya et al., 1994; Thomas
et al., 1994; Roberts et al., 1996; Koopman and Arisz, 1997). The effect of a broad range of
molecular sizes on the glomerular permeation of dextran can be observed in sieving curves, and the
effect of molecular charge on glomerular permeation can be observed by comparing the sieving
curves of neutral, anionic, and cationic dextran (Guasch et al., 1993; Mayer et al., 1993;
Oberbauer et al., 1995; Borchhardt et al., 1996; Borchhardt et al., 1997). Chondroitin sulfate and
sulfated galactans and fucans have also been used recently as anionic tracers in a urinary clearance
study (Guimaraes and Mourao, 1997). The recent urinary clearance studies that use synthetic
polymers as tracers are briefly summarized in table 1.2. A review of studies done before 1991 can
be found in Maddox et al. (1992).
Dextran has been used to determine that molecular shape or configuration is an important
determinant of molecular sieving. Jorgensen and Moller (1979) found that the sieving of
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Table 1.1: Recent urinary clearance studies with proteins
Authors Tracers Experimental Conditions Finding
Yamazaki et al., 1991 albumin, Humans with type II diabetes Size selective defect present in diabetic
transferrin, mellitus patients with normal albumin excretion
Immunoglobu-
lin G (anionic)
Chiba et al., 1991 Immunoglobu- Humans with non-insulin Charge selective defect in NIDDM
lin G (neutral, dependent diabetes mellitus correlated to urinary albumin excretion
anionic and (NIDDM)
cationic)
Pietravalle et al., 1991 Immunoglobu- Diabetic humans Loss of charge and size selectivity
lin G (neutral, correlates with duration of disease
anionic and
cationic) and
albumin
Bangstad et al., 1992 immunoglobu- Diabetic humans with Reduced charge selectivity with
lin G (anionic normoalbuminuria and microalbuminuria; can be aided by reduced
and neutral) microalbuminuria blood glucose level
Mario et al., 1992 immunoglobu- Humans with diabetes Hemodynamic modifications caused by
lin G (anionic catopril unmasked charge selective
and cationic) impairment of protein filtration in diabetic
patients without clinical signs of diabetic
kidney disease
Thum et al., 1993 amylase Diabetic Humans Ratio of salivary/pancreatic amylase
(pancreatic and excretion evaluated as measure of renal
anionic disorder (charge selectivity). Change
salivary) observed in diabetic patients, but not
significantly different from controls
Kumagai et al., 1993 human liver PAN Nephrotic Sprague Dawley 33 times more monomeric ferritin excreted
ferritin rats in PAN nephrotic rats
(polymerized)
Morano et al., 1993 Immunoglobu- Humans with type II diabetes Anionic/cationic IgG clearance ratio
lin G (anionic, indicative of charge selectivity defect more
and cationic) than microalbuminuria.
and albumin
Fox et al., 1993 isoamylase Normal humans; minimally and Loss of charge selectivity accompanies
(pancreatic and heavily proteinuric humans; proteinuria, charge selectivity restored by
anionic humans with minimal change steroid induced remission
salivary) nephropathy
isoamylase Humans with Type 1 diabetes and
(pancreatic and various degrees of proteinuria
anionic
salivary)
Impairment of amylase charge selectivity
accompanies increasing albuminuria in
Type 1 diabetes.
Fox et al., 1995
Hanssen et al., 1995 Immunoglobu- Diabetic humans with Effect of catopril on diabetic patient
lin G (neutral, microalbuminuria charge selectivity could be positive, but
and anionic) not statistically significant
Hanssen et al., 1995 Immunoglobu- Humans with insulin-dependent Diurnal variation in albumin excretion rate
lin G (neutral, diabetes mellitus (IDDM) is related to diurnal variation in charge
and anionic) selectivity.
Kofoed-Enevoldsen et al., Immunoglobu- Humans, normal and Charge selectivity reduction correlated to
1996 lin G (neutral, microalbuminuric increased albumin excretion
and anionic)
Hemmelder et al., 1997 Immunoglobu- Humans with normo-, micro- , and Use of charge selectivity index with
lin G (neutral, macro-albuminuria amylases and Immunoglobulins
anionic and complicated by size selectivity defects in
cationic) and albuminuria; may not reflect charge
amylase selectivity
(pancreatic and
anionic
salivary)
Buis et al., 1997 Immunoglobu- Healthy humans and humans with Amylase excretion ratio influenced by loss
lin G (neutral, minimal change nephrotic of tubular function and does not reflect
anionic and syndrome (MCNS) and acute charge selectivity. Cationic IgG
cationic) and tubular necrosis (ATN) reabsorbed in tubules.
amylase
(pancreatic and
anionic
salivary)
Taylor et al., 1997 Immunoglobu- Children with nephrotic syndrome No evidence for residual charge selectivity
lin G (neutral associated with either minimal during nephrotic-range proteinuria.
and anionic) change nephrotic syndrome Significant loss of size selectivity in GBM
transferrin and (MCNS) or focal and segmental associated with FSGS and heavy
albumin glomerulosclerosis (FSGS) proteinuria.
Gall et al., 1997 Immunoglobu- Diabetic men with Fractional clearance of both IgGs 40 to 50
lin G (neutral glomerulosclerosis and without times higher in patients with
and anionic) nephropathy nephropathy. Impaired size selectivity is
and albumin major mechanism of proteinuria in diabetic
nephropathy.
Table 1.2: Recent urinary clearance studies with synthetic polymers
Authors Tracers Experimental Conditions Finding
Guasch et al., 1991 dextran Humans with minimal-change Number of restrictive pores and GFR reduced
nephropathy (MCN) or focal due to disease. Shunts increased in FSGS,
segmental glomerulosclerosis suggesting loss of charge important in
(FSGS) MCN
Neugarten et al., 1991 dextran Nephritic rats with/without Size selectivity disfunction is aided by
dietary protein restrictions short term dietary protein restrictions
Remuzzi et al., 1991 dextran, Humans with IgA nephropathy Angiotensin-converting enzyme inhibitors
plasma and proteinuria decrease proteinuria and GFR
albumin
De-Barros-E-Silva et al., dextran Wistar rats with gentamicin Gentamicin treatment increased proteinuria
1992 induced nephrotoxicity without increasing dextran sieving.
Gentamicin interacts with glomerular
charges.
Guasch et al., 1992 dextran Humans with membranous GFR lowered by half and 60-80% reduction
glomerulophathy of pore density after remission of
proteinuria induced by GBM and epithelial
structure alterations.
Oliver et al., 1992 ficoll Euvolemic Munich-Wistar rats Dextran sieving significantly exceeds
ficoll sieving
Guasch et al., 1993 dextran and Humans with nephrotic syndrome Loss of charge and size selectivity in
dextran sulfate due to either membranous disease
nephropathy or minimal change
nephropathy
Lemley, 1993 dextran Wistar-Furth rats with protein Size permselectivity defect evident in
overload proteinuria albumin overload but not ovalbumin
overload
Remuzzi et al., 1993 ficoll Male Sprague Dawley rats with Angiotensin II receptor blockade prevents
experimental Diabetes blood pressure rise, GFR rise, and increased
ficoll sieving in diabetic rats.
Mayer et al., 1993 dextran and Male Munich-Wistar rats with Disease caused increased passage of certain
dextran sulfate proteinuria induced by 5/6 renal sizes of dextran and dextran sulfate.
ablation Angiotensin II receptor blockade reduced
dextran passage but not dextran sulfate
passage.
Oliver et al., 1994 ficoll Fawn-hooded rats with glomerular Proteinuria due to loss of charge
hypertension and proteinuria selectivity, not size selectivity
Ikegaya et al., 1994 dextran Humans with membranous
nephropathy (MN) and with
immunoglobulin A nephropathy
(IAN)
Increased dextran clearance caused by
capillary lesions during MN and due to
mesangial and tubule damage in IAN.
Thomas et al., 1994 dextran Humans with thin membrane Despite normal hemodynamics and minimal
nephropathy (TMN) proteinuria, TMN resulted in increased
dextran clearance.
Oberbauer et al., 1995 dextran and Humans, healthy and with: Loss of size selectivity in nephrosis due to
dextran sulfate moderate proteinuria, nephrotic more large pores. Loss of charge
syndrome, recent transplants selectivity evident in proteinuria. Mild
proteinuria after transplant due to charge
selectivity defect.
Borchhardt et al., 1996 dextran and Kidney transplant donors and Sieving of dextran sulfate higher in
dextran sulfate recipients recipients, sieving of dextran equal.
Roberts et al., 1996 dextran Pregnant women High renal plasma flow rate, lower oncotic
pressure, low dextran sieving during
pregnancy. No glomerular alterations
observed postpartum
Guimaraes and Mourao, dextran Wistar rats Chondroitin sulfate enzymatically degraded
1997 sulfate, before entering urine; large dextran sulfate
chondroitin accumulated in kidney and was not excreted
sulfate, in urine
sulfated fucans
and sulfated
galactans
Koopman and Arisz, 1997 dextran Humans with nephrotic syndrome Diurnal rhythm of glomerular permeability
due to membranous nephropathy corresponds to rhythm of protein clearance
and selectivity index of proteinuria.
Borchhardt et al., 1997 dextran and Transplant recipients with Angiotensin converting enzyme stabilizes
dextran sulfate proteinuria size selectivity but not charge selectivity
polyethylene glycol was less restricted than dextran in rats and speculated that this was due to
polyethylene glycol's higher flexibility and extent of branching. Rennke and Venkatachalam
(1979) determined that the shape, flexibility and/or deformability of dextran caused its sieving
coefficient in rats to exceed the same-sized horseradish peroxidase by a factor of seven. Bohrer et
al. (1979) found that the sieving coefficient of dextran in rats was higher than that of ficoll due to
shape and flexibility effects. Dextrans are loosely coiled, flexible molecules, that can deform to
cross the glomerular membrane. This limits their usefulness as tracers. Approximating dextran as
an ideal sphere is not accurate because its diffusion in synthetic membranes is faster than would be
predicted from its Einstein-Stokes radius (Bohrer, 1984; Davidson, 1988, Oliver, 1994).
A number of studies using dextran sulfate have found that charge is one of the determinants
of glomerular filtration (Chang et al., 1975, Bohrer, 1978, Mayer et al., 1993, Guasch et al.,
1993). However, dextran sulfate binds to serum albumin present in plasma (Rickets and Walton,
1953, Oncley et al, 1957, Gurov and Nuss, 1986). The amount of bound dextran sulfate has been
found to vary from 22% at 10A, to 84% at 24A in in-vitro experiments (Guasch et al., 1993).
The effect of albumin binding on sieving coefficient measurements was estimated by adding an
excess of unlabelled dextran sulfate, which causes desorption of bound labelled dextran sulfate
(Guasch et al., 1993). Binding has been accounted for by correcting the sieving coefficient with
the average fraction of bound dextran sulfate (Mayer et al., 1993; Guasch et al., 1993), but these
laborious and approximate corrections make it difficult to form quantitative conclusions from
sieving data.
The properties of ficoll, a polymer made of sucrose, cross linked with epichlorohydrin
bridges, make it ideal for use as a probe macromolecule. It is not reabsorbed or secreted by the
tubules, and measurements of ficoll diffusion in well-characterized synthetic membranes indicate
that it behaves like an ideal, rigid sphere (Bohrer et al., 1984; Davidson and Deen, 1988). It has
been used for in-vivo sieving studies in rats (Blouch, 1997; Bohrer et al., 1979; Oliver et al.,
1992; Oliver et al., 1994; Remuzzi et al., 1993), and with isolated rat glomeruli (Edwards et al.,
1997). It can be sulfated, presumably without losing its spherical character, for use as an anionic
probe, using the method of Vogdes (1979). The effect of tracer charge on glomerular capillary
permeation is isolated from the effects of tracer composition, shape and conformation, in
comparisons of the sieving curves of neutral ficoll and ficoll sulfate.
Charge Selectivity
The mechanism by which the glomerular capillary wall selectively restricts the sieving of
negatively charged molecules has been investigated using electron microscopy. A number of
electron microscopy studies of perfused rat kidneys have been interpreted as showing that the
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GBM is responsible for charge selectivity. These electron microscopy studies examined the
localization of neutral, anionic and cationic tracers in intact capillaries (Rennke, Cotran, and
Venkatachalam, 1975; Kanwar, 1984; Rennke and Venkatachalam, 1977), the localization of
anionic tracers in capillaries treated with protamine to neutralize fixed charges (Kelley and Cavallo,
1978), and the localization of anionic tracers in capillaries treated with enzymes to remove negative
charges (Kanwar, Linker and Farquhar, 1980; Rosenzweig and Kanwar, 1982). These studies
have advanced the understanding of the structure and function of the glomerular capillary wall, but
they suffer from the fact that they reflect transient phenomena. Distinguishing between tracer
particles which are strongly bound to GBM and those which are freely mobile is not possible and
limits quantitative conclusions about the sieving characteristics of molecules at steady state. These
studies also suffer from the fact that biochemical modifications affect both the glomerular cells and
the GBM. Protamine has been found to cause a reduction in rat glomerular capillary hydraulic
permeability and flattening and denudation of epithelial cells (Kelley and Cavallo, 1978; Savin et
al., 1992).
1.5 Studies Using Isolated Glomerular Basement Membrane
A method has been developed to isolate intact basement membrane from glomeruli
(Krakower and Greenspon, 1950; Ligler and Robinson, 1977; Daniels et al., 1992). Studies of
the ultrafiltration of anionic macromolecules across isolated GBM have demonstrated much less
charge-selectivity than that observed in vivo, which is more consistent with the view that the
charge barrier is provided by the endothelial or epithelial cells. Bray and Robinson (1984) found
only a slight reduction in the sieving of dextran sulfate relative to neutral dextran. Likewise,
Bertolatus and Klinzman (1991) found only a small difference in the filtration rates of native
(anionic) or cationized BSA. Moreover, they showed that neutralization of carboxyl groups by
methylation, which should have abolished much of the GBM charge, had only a slight effect on the
sieving of BSA. Daniels (1994) found that treating the GBM with heparatinase to remove heparan
28
sulfate proteoglycan, adding protamine to neutralize GBM polyanions, or reducing the
experimental pH to the isoelectric point of the GBM or BSA, had little or no effect on the sieving
coefficient of BSA. These results suggest that the GBM does not make as large a contribution to
glomerular charge-selectivity as suggested in electron microscopy studies, but further study is
necessary.
1.6 Theoretical Models of Glomerular Filtration
Mathematical models of the glomerulus are useful for interpretation of macromolecular
filtration data, for comparison of the effects of alterations in the determinants of glomerular
filtration, and for inferring membrane structural characteristics from permeability measurements.
Previous models have been used to calculate parameters that characterize the capillary membrane,
such as the ultrafiltration coefficient, Kf, from measurement of the glomerular filtration rate and net
transmural pressure, and to predict the sensitivity of the fractional clearances of probe
macromolecules to changes in membrane parameters.
A theoretical model that extended size-selectivity models to account for molecular charge
was developed by Deen, Satvat, and Jamieson (1980). The glomerulus was idealized as a set of
identical capillaries in parallel, and it was assumed that capillary permeability and radius do not
vary along a capillary. The capillary wall was modelled as having a homogeneous distribution of
fixed negative charges and a negative electrical potential, relative to Bowman's space and the
capillary lumen. Overall conservation equations for mass and volume were used to calculate the
volumetric flow rate and solute concentrations as a function of position along the capillary. The
volumetric flux was calculated as a function of hydrostatic pressure difference using the Starling
equation. The transmembrane flux of tracer ions was described by a modified form of the Nernst-
Planck equation, assuming Donnan equilibria at the membrane interfaces. The membrane was
assumed to contain identical cylindrical pores. The mass balance equations were solved
numerically for solute concentrations, and the fractional clearance was calculated as the ratio of the
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average tracer concentration in Bowman's space to the concentration in the afferent arteriole.
The model allowed prediction of the charge effects on solute transport to be described
knowing only the solute charge and the membrane fixed charge concentration. Data for the
fractional clearances of neutral, anionic, and cationic forms of dextran were well represented over a
size range of 18-40 A. However, the assumptions of identical cylindrical pores, and a
homogeneous distribution of fixed charges, limits the amount of physical insight that can be
obtained with the model. The fixed membrane charge concentration and the pore radius are model
parameters, and not physical characteristics of the capillary membrane.
Another model of the charge effects on glomerular permeation was proposed by Wolgast
(1988). The glomerular barrier was assumed to be a charged, deformable gel. The pressure in the
capillary was assumed to be balanced by the osmotic pressure of the fixed charges in the gel. The
model neglected the elastic forces within the gel and unrealistically predicted that the gel would
collapse in the absence of fixed charge.
A structurally based model of the effects of solute size on glomerular permeation was
formulated by Drumond and Deen (1994). The glomerular capillary wall was assumed to have a
repeating structural unit that used literature values of the average spacing between epithelial slits,
the basement membrane thickness, the radius of endothelial fenestrae, and the number of fenestrae
per unit capillary area. The macromolecule transport across the slit diaphragms was modelled as
spheres flowing past infinite cylinders. The flux was modelled by setting up a force balance on an
individual solute particle, as in hindered transport theory. The concentration profile, and
subsequently the slit diaphragm sieving coefficient, were obtained by solving the solute
conservation equation using finite elements.
Solute transport across the basement membrane was modelled by assuming the GBM to be
a continuous, isotropic medium. Macromolecular flux was given by the equation from hindered
transport theory, with the hindrance factors estimated from very limited data in the literature, and
water flux calculated using Darcy's law. The concentration profile, and subsequently the basement
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membrane sieving coefficient, were obtained using the same method as the slit diaphragms. Model
calculations based on estimates for the GBM partition coefficient and hindrance factors indicated
that the slit diaphragms are the primary determinant of glomerular size-selectivity. The model did
not account for electrostatic effects.
A number of alternative theoretical models can be applied to the permeability properties of
the GBM. The GBM is highly porous and is composed primarily of thick, rope-like chains of
triple helical collagen IV. It also contains thin glycosaminoglycan chains that are attached to the
protein subunits of heparan sulfate, laminin, entactin, and fibronectin, as discussed in Section 1.3.
A promising idealization for this structure in theoretical models is a matrix of straight cylindrical
fibers.
A model of the partitioning of macromolecules into fiber matrices was developed by Ogston
(1958). The probability of a solute residing inside arrays composed of identical, straight,
cylindrical fibers was evaluated based on steric effects. An expression for the partition coefficient
was developed by integrating this probability over all accessible positions. This model was later
extended to describe the hindered diffusion of macromolecules through random fibrous matrices.
The probability that molecular diffusion would result in a collision with a fiber was calculated
stochastically and it was assumed that only movements that did not result in collisions occurred
(Ogston et al., 1973). Hydrodynamic effects on solute diffusivity were neglected.
The Ogston models have been used by Curry and Michel (1980) to describe the protein
permeability of frog mesenteric capillaries. Robinson and Walton (1989) applied the Ogston
partitioning model to the protein permeability of rat GBM. The use of these models in describing
capillary permeability has been reviewed by Curry (1984).
Recent models of the hindered diffusion that account for hydrodynamic effects have been
more successful in predicting experimental results in synthetic gels than the Ogston model.
Hindered diffusion in fibrous matrices has been modeled using an "effective medium" approach
(Phillips et al., 1989; Phillips et al., 1990). The heterogenous membrane structure was idealized
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as homogenous medium by averaging variables over a volume that is large in comparison to the
membrane microstructure. The Brinkman equation for flow in porous media was used to calculate
the solute friction coefficient. This friction coefficient was used in the Stokes-Einstein equation to
calculate the diffusivity in the matrix. This method was later extended to include the steric
influence of fibers on solute diffusion (Brady, 1994; Johnson et al., 1996). These models allow
prediction of solute diffusion in GBM using three membrane parameters: Darcy permeability, void
fraction and fiber radius. The predictions of these models have agreed with experimental results
for the diffusion of proteins in hyaluronic acid (Phillips et al., 1989) and proteins and ficoll in
agarose (Johnson et al., 1996), where the Ogston (1973) diffusion model tended to over-predict
the experimental results.
Use of the Brinkman equation in diffusion models makes accurate assessment of membrane
hydraulic permeability crucial for modeling. Membrane hydraulic permeabilities can be measured
experimentally or calculated using a variety of models. Models have been proposed for
membranes with one fiber type (Jackson and James, 1986; Palassini and Remuzzi, 1998; Spielman
and Goren, 1968), and for membranes with two or more fiber types (Clague and Phillips, 1997;
Ethier, 1991; Huang et al., 1994), as is discussed in Chapter 5.
1.7 Conclusions and Thesis Overview
An ideal tracer for investigation of the charge-selectivity of the glomerular capillary wall
was not available when this research began. Proteins are limited by their interactions with the
tubules. Dextrans are limited by their flexibility and the binding of dextran sulfate to serum
albumin. Ficoll has been an ideal tracer for investigating the effects of size and shape on
glomerular sieving. Synthesis and characterization of anionic ficoll sulfate, as described in
Chapters 2 and 4, provided a promising tracer for investigating the effects of charge on glomerular
sieving. Ficoll sulfate was used in a study of sieving across isolated GBM, as described in
Chapter 3 and Bolton et al. (1998), to help resolve the controversy over the effect of GBM charge
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on glomerular capillary sieving. Ficoll sulfate GBM sieving data was then used for evaluation of
models of electrostatic effects on sieving, as described in Chapter 5.
Chapter 2. Ficoll Sulfate Synthesis and Characterization
The properties of ficoll, a crosslinked co-polymer of sucrose and epichlorohydrin, make it
ideal for use as a tracer macromolecule. A major goal of this thesis research was to synthesize
fluorescently labeled ficoll sulfate and characterize it for use in collaborative studies involving
isolated GBM.
2.1 Synthesis
Ficoll sulfate was synthesized by reacting ficoll with chlorosulfonic acid in the presence of
pyridine, according to the protocol of Ricketts (1952). All reaction and chemical transfer was
carried out in a fume hood. The reaction apparatus consisted of an Ace European style 250 ml
three neck flask with a threaded side arm. A thermometer was put through the side arm and into
the middle of the reaction mixture. One of the necks of the reaction flask contained a Claisen four
way adapter that converted one female 24/40 joint to 3 female 24/40 joints. White rubber septa
(Sigma Chemical, St. Louis, MO) were put into two of the Claisen adapter joints and a jacketed
condenser with 20°C water continually flowing up the outside was put on the third. An oil
bubbler was used to trap vapors that left the condenser. The middle neck of the reaction flask.
contained a glass stirrer bearing (Ace Trubore, Sigma). A variable-speed power stirrer above the
reaction flask (Cenco Variable Speed Stirrer, Chicago IL) turned a 10 x 440 mm stirrer shaft (Ace
precision ground glass, Sigma) that went through the stirrer bearing and turned a stir blade (Double
Arc 19 x 40 mm teflon, Sigma) in the bottom of the reaction flask. The third reactor neck
contained an Ace 125ml dropping funnel with a threaded teflon stopcock. A septa was put in the
top of the dropping funnel. The reaction apparatus is portrayed in Figure 2.1.
Air was removed from the reaction apparatus by bubbling nitrogen through it overnight.
The contents of a 100 ml bottle of anhydrous pyridine (Aldrich Chemical, Milwaukee, WI) were
transferred to the reaction flask using two 12 gauge needles connected by 30 inches of PTFE
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Figure 2.1: Apparatus used for synthesis of ficoll sulfate
tubing (Chemflex transfer needle, Aldrich). The needle on one end of the tubing was put through a
septum in the pyridine bottle and the needle on the other end through one of the septum on the
Claisen four way adapter on the reaction flask. A 21 gauge needle connected to a tank of
pressurized nitrogen was put through the septa on the bottle and the pyridine was forced out of the
bottle, through the transfer needle, and into the reactor.
A 1 liter bottle of chlorosulfonic acid (Fisher Scientific, Pittsburgh, PA) was placed in a
metal basin and clamped to a ring stand to prevent it from tipping over. The cap was replaced by a
septum that was clamped on using a pipe fitting. Before any acid transfer was carried out, the
reaction vessel was cooled in a bath of dry ice and ethanol and the pyridine was stirred. After
ensuring that the stopcock on the dropping funnel was closed, 30 ml of chlorosulfonic acid were
transferred to the dropping funnel the same way the pyridine was transferred, using nitrogen
pressure and a clean Chemflex transfer needle. To maintain a slight positive pressure, the needle
connected to the nitrogen tank was put through a septa and nitrogen flowed through the reaction
apparatus and out the oil bubbler. The chlorosulfonic acid was slowly dripped into the pyridine
with stirring and cooling over a period of 1 to 2 hours, keeping the temperature low and ensuring
that very little of the cloudy white vapors generated by the acid addition escaped the condenser. A
face shield and an acid suit were used during acid transfer and addition.
After acid addition, the temperature was increased to 80'C with a water bath and a hot plate
and the reaction mixture was stirred until all the precipitated salts dissolved. The dropping funnel
was then removed and 20 g of Ficoll 70 (Pharmacia Fine Chemicals, Piscataway, NJ) was added
through the reactor neck with a polypropelene powder funnel. A septum was then put over the
reactor neck. As a precaution, a positive nitrogen pressure was maintained in the reactor during
ficoll addition to reduce air entry. However, it was found that sulfation occurred even when the
reactor was open to the air for long periods without nitrogen pressure. The reaction mixture was
then stirred at 60-120 RPM. All clumps of ficoll were broken up and incorporated into the mixture
after about half an hour of stirring. After four hours, the mixture was poured into distilled water
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and the pH was raised to about 7 with 37% NaOH. The mixture was then poured into pure
ethanol. The ficoll sulfate precipitated and the pyridine-containing supernatant was poured off.
The ethanol precipitation was carried out a total of three times and then the mixture was put in
dialysis tubing (Spectrum Spectra Pore 1 MW 6-8000, Spectrum Medical Industries, Houston,
TX) and dialyzed for three days against distilled water. The ficoll sulfate was then freeze dried
(Virtis 3 1 freeze dryer, Gardner, NY.). Typically, seven grams of ficoll sulfate were recovered.
2.2 Sulfur Analysis
A quick and accurate method for determining the weight percentage of sulfur was sought.
The accuracies of the sulfur analysis of two commercial laboratories, Galbraith Laboratories
(Knoxville, TN) and Huffman Laboratories (Golden, CO), were evaluated. Two 50 mg samples
of glucose-6-sulfate, a monomeric sulfated sugar with 10.7 weight percent sulfur (Sigma), were
sent to both laboratories. Huffman Laboratories reported sulfur weight percentages of 9.18 and
10.25. The sulfur weight percentages reported by Galbraith Laboratories were more accurate,
10.66 and 10.72 percent. The sulfur content of all following ficoll sulfate batches was determined
by Galbraith laboratories.
The results from Galbraith Laboratories were very accurate but it always took at least a
month to receive them, even when rush analysis was specified and paid for. A method for quickly
determining sulfur content in our own lab was sought. An iodometric method of determining
sulfur content (Vogdes, 79) was difficult and time-consuming and rarely provided accurate results.
The dye method of Macintosh (1958) was quick and simple and provided sulfur weight
percentages typically accurate to within 1%. Toluidine blue O dye (TBO) binds stoichiometrically
to sulfates and turns from blue to purple. As described below, the weight percentage of sulfur was
determined by spectrophotometrically measuring the amount of blue dye that remained after the dye
bound to ficoll sulfate was removed.
One liter of 0.064 M TBO (Fisher) solution was prepared. Ficoll sulfate, 0.025 g, was
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added to 25ml water. The amount of TBO solution required to change the color of 0.1 ml of ficoll
sulfate solution from purple to blue was roughly determined in a glass vial. The ficoll sulfate was
then diluted so that its concentration was just sufficient to turn all TBO purple when mixed in equal
amounts. A volume of 5 ml of TBO solution was then added to each of four 50 ml plastic
centrifuge flasks. Volumes of 5, 4.5, 4, and 3.5 ml of the diluted ficoll sulfate solution were
added to the four flasks. The color of the solutions varied from completely purple to a
progressively darker mix of purple and blue. The volume in each flask was made up to 10ml with
water. A volume of 10 ml of white light mineral oil (Fisher) was then added to each of the flasks,
the flasks were shaken and allowed to settle for 5 minutes. The oil and water separated with the oil
forming a top phase. The purple ficoll sulfate-TBO complex stayed at the oil water interface and
the unbound TBO resided entirely in the blue water phase. A sample of the water phase was
removed with a pasteur pipette and the absorbance measured in a spectrophotometer (Shimadzu
UV160U, Shimadzu, Columbia, MD). The concentration of unbound TBO in the four flasks was
determined by comparing the absorbance with a TBO standard curve. By subtracting the amount
of TBO remaining from the initial amount the moles of bound TBO and the moles of sulfate were
determined. The weight percentage of sulfur was the average of the values from each of the four
flasks. Sulfate weight percentages were determined using this method in addition to the
commercial laboratory determination.
2.3 Size Distribution
The ficoll sulfate size distributions were determined using size-exclusion chromatography
with two gel types and two detection methods. Analysis was first carried out by loading samples
of 50 mg of ficoll sulfate in 1ml of buffer onto a column (Pharmacia XK 16/70) containing
Sephacryl S300 HR gel (Pharmacia) with a bed height of 48.5 cm. The column was calibrated
with the proteins from a calibration kit (Pharmacia). The values of Stokes-radii given by
Pharmacia for the eight proteins are shown in Table 2.1. The protein elution times were measured
Table 2.1. Chromatography calibration proteins
Calibration Protein rs(A)
Thyroglobulin 85.0
Ferritin 61.0
Catalase 52.2
Aldolase 48.1
Albumin 35.5
Ovalbumin 30.5
Chymotrypsinogen A 20.9
Ribonuclease A 16.4
at 280nm with a spectrophotometer (Shimadzu Spectrophotometer UV160U). The void volume of
the column was determined from the elution of 2,000 kD blue dextran (Pharmacia). The eluent
buffer was 0.05 M ammonium acetate with 0.15 M KCl at pH 7. The flow rate was maintained at
Iml/min using a peristaltic pump (Sage 375A, Orion Research, Cambridge, MA). Continuous
ficoll and ficoll sulfate elution curves were determined by differential refractometry (R403
Differential refractometer; Waters Associates, Milford, MA). The molecular-size distribution of the
ficoll sulfate determined by refractometry was of similar breadth to that of Ficoll 70, as shown in
Figure 2.2.
The size distribution of ficoll sulfate was also evaluated using fluorescence detection.
Ficoll sulfate was fluorescently labeled, as is described below, and chromatographed on a 1.6 cm
I.D. column (XK 16/70, Pharmacia) packed with Superdex 200. The void volume was
determined from the elution of fluorescently labelled 2,000 kD dextran (FITC-dextran, Sigma).
Eluent fluorescence was measured with a fluorimeter (model RF-551, Shimadzu) set at an
excitation frequency of 488 nm and an emission frequency of 515 nm. The eluent was 0.05 M
ammonium acetate with 0.15 M KCl at pH 7. The column was calibrated with fluorescently
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Figure 2.2: Ficoll sulfate and ficoll size distributions. Samples were chromatographed
with a Sephacryl S300 HR column and a refractometer was used to measure weight
concentration.
labeled ficoll standards with Stokes-Einstein radii of 29.7, 37.7, 46.4, and 58.7 A (Johnson,
1996). The flow rate was maintained at 1.5 ml/min using a dual piston pump (P500, Pharmacia).
Again, the molecular-size distribution of ficoll sulfate was of similar breadth to that of Ficoll 70, as
shown in Figure 2.3. This method was far more precise than the method used for the
measurements in Figure 2.2. Ficoll sulfate appears to have a smaller average size than ficoll in
Figure 2.2, but this was not a reproducible results. The peristaltic pump did not provide a constant
eluent flow rate and there was significant error in the refractometer measurements. Ficoll sulfate
was larger than ficoll, as shown in Figure 2.3, in all of more than a dozen measurements made
using the fluorimeter with the highly consistent dual piston pump.
The two measures of the ficoll sulfate size distributions indicate that the conditions of the
sulfation reaction did not cause significant size degradation of ficoll. A modest increase in the
molecular size due to sulfation was apparent.
2.4 Fluorescein Labeling
An attempt was made to fluorescently label the ficoll sulfate based on the protocol of De
Belder and Granath (1973). The pH of 20 ml of distilled water in a stirred centrifuge flask was
raised to above 10 using 0.1 N NaOH and 40 mg of 5-DTAF (5-([4,6-dichlorotriazin-2-yl] amino)
fluorescein, Sigma Chemical Co., St. Louis, MO)), was added. After most of it had dissolved, 2
g of ficoll sulfate was added. The pH was monitored with pH paper and kept above 10 using 0.1
N NaOH. The mixture was stirred for 2 hours and then neutralized with 1.0 N HC1. Unreacted
DTAF was removed first with polyacrylamide desalting columns (Econ-Pac 10DG, Bio-Rad,
Hercules, CA). Residual DTAF was observed to bind to the dextran-based gels Sephadex and
Superdex but not polyacrylamide gels. Disposable 10 ml polyacrylamide desalting columns were
flushed with distilled water containing 1.0 M NaC1. Better resolution of the ficoll sulfate peak was
achieved with NaCl in the buffer than without. Approximately 1 ml of the unpurified ficoll sulfate
mixture was then layered at the surface of the gel bed using a Pasteur pipette. The ficoll sulfate
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Figure 2.3: Ficoll sulfate and ficoll size distributions.
chromatographed with a Superdex 200 column and a
Fluorescently labeled samples were
fluorimeter was used for detection.
eluted first and was faintly visible even when very little fluorescein substitution had occurred. The
ficoll sulfate was collected, concentrated in a 200 ml ultrafiltration cell (Amicon Model 8200,
Danvers, MA) with a 5 kD membrane (Amicon PLCC) to remove the NaCl and any remaining
DTAF, and then freeze dried. Samples of ficoll sulfate fluorescein were run through the Superdex
200 column to determine if there were significant quantities of residual DTAF. Residual DTAF
was evident as a peak eluting at one and a half times the column volume due to binding of the
DTAF to the Superdex gel. The combination of desalting and ultrafiltration usually removed all
DTAF.
The degree of fluorescein substitution was determined by comparing the ficoll sulfate
fluorescence with a fluorescein standard curve, rather than a standard curve of the relatively
insoluble DTAF. The standard curve was constructed by dissolving fluorescein in phosphate
buffered saline (PBS) that was made slightly more basic than pH 7.4 with a few drops of 0.1 N
NaOH. Four dilutions of the fluorescein solution were made so that the fluorescence values
spanned the full measurement range of the fluorimeter. The slope of the fluorescence versus
fluorescein concentration plot was calculated. The concentration of fluorescein or, equivalently,
the degree of fluorescein substitution of the ficoll sulfate was then calculated from its fluorescence.
The same labelling procedure carried out with ficoll yielded one fluorescein group per 13 ficoll
molecules, which was sufficient for accurate measurement of trace amounts of ficoll. Ficoll sulfate
with 16 weight-percent-sulfur had about 400 times less fluorescence. Using excess DTAF,
increasing the reaction time, or raising the ionic strength to prevent electrostatic repulsion of the
anionic DTAF from the anionic ficoll sulfate did not increase the degree of substitution.
2.5 Controlling Sulfation
It was hypothesized that very little fluorescent label was binding to ficoll sulfate because the
hydroxyl groups that are normally substituted by DTAF were all occupied by sulfate. Methods of
reducing the sulfur content of ficoll sulfate were investigated with the goal of enabling fluorescent
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labeling.
Ficoll Sulfate Hydrolysis
Dextran sulfate can be hydrolyzed with acid or base to reduce the amount of sulfur
(Ricketts, 1952, Vogdes, 1979). However, acid hydrolysis may also reduce the degree of
polymerization. An attempt was made to reduce the sulfur content of ficoll sulfate by acid
hydrolysis. To a 2 ml glass test tube was added 0.125 g ficoll sulfate with 16.8 weight percent
sulfur and 2 ml 0.05 M HC1. The test tube was then placed in a boiling water bath for 6 minutes
and then cooled to room temperature, concentrated in a 200ml cell (Amicon Model 8200) with a 5
kD membrane (Amicon PLCC), and freeze dried.
The size distribution of the ficoll sulfate before and after hydrolysis was determined using a
chromatography column (Pharmacia XK 16/70) packed with Superdex 200 gel (Pharmacia).
Samples were loaded using a Hamilton 0.5 ml gastight syringe equipped with a Chaney adapter to
minimize sample volume variation. The column was calibrated with the proteins from a calibration
kit in the same manner as the Sephacryl S300 column used to measure ficoll sulfate size
distributions and additionally using narrow fractions of fluorescently labelled ficoll with radii of
58.7, 46.4, 37.7, and 29.7 A. The Superdex 200 gel separated the calibration proteins much
better than the Sephacryl S300 gel. The Superdex 200 had approximately half the plate height, an
indicator of separation ability described in Section 2.8, as the Sephacryl S300. The void volume
of the column was determined from the elution of 2,000 kD fluorescently labelled dextran (FITC
dextran, Sigma). Though the normal elution buffer contained 0.15 M KC1, it was observed that
F1TC dextran had a sharp elution profile when water was used as the elution buffer, indicating that
it was not binding to the gel. Blue dextran bound to the gel and had a jagged elution profile when
water was used, in agreement with the Pharmacia's observations in the blue dextran product
specification literature. The relationship between elution time and molecular radius for the ficoll
standards was not different from the protein standards, unlike the different ficoll and protein
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elution characteristics reported for Sephacryl S300 gel (Oliver et al, 1992). It is likely that the
partition coefficients of the anionic proteins were reduced by electrostatic repulsion with the anionic
gel in that study, because the buffer (0.05 M ammonium acetate) had a low ionic strength, which
tends to amplify electrostatic effects. Reduction in the partition coefficient due to electrostatic
effects was observed in Sephacryl for proteins at this ionic strength by Johansson and Gustavsson
(1988) and would result in an overestimate of the protein radii. The elution volumes of the neutral
ficoll standards were the same in 0.05 M ammonium acetate buffer, 0.05 M ammonium acetate
buffer with 0.15 M KC1, and 0.05 M ammonium acetate buffer with 0.5% sodium dodecyl sulfate.
The flow rate was maintained at 1-1.5 ml/min using a dual piston pump (High Precision P-500
pump, Pharmacia). The flow rate was measured by collecting the elution buffer in a narrow-
necked bottle. Significant buffer evaporation occurred if an open beaker was used. The measured
flow rate varied from the set point by 0.4% SD on average.
The ficoll sulfate was extensively degraded in size during acid hydrolysis, as shown in
Figure 2.4, while the sulfur weight percentage only declined from 16.78 to 15.44 percent. This
agrees with the results of Vogdes (1979), who hypothesized that the epichlorohydrin cross link of
the ficoll sulfate could be hydrolyzed, making ficoll sulfate more vulnerable to size degradation
than dextran sulfate. It also agrees with the results of Bohrer et al (1979), where ficoll was
hydrolyzed in 0.012 M HCl for 5 minutes at 100*C to get larger amounts of 20 A molecules for a
sieving study in rats. Even if the weight percent of sulfur had been adequately reduced, the
method is still not ideal. If the crosslinked structure of the ficoll sulfate is degraded it is no longer
the anionic analog of ficoll.
Modification of the Reaction Scheme
It has been reported that the extent of sulfation of cholesterol (Sobel et al., 1936), guar,
and locust bean gum (Guiseley, 1978) can be reduced by reducing the reaction temperature. In
both cases the solvents were different than the one used for ficoll sulfate synthesis. Chloroform
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Figure 2.4: Ficoll sulfate size distribution before and after hydrolysis. Samples
were chromatographed using Superdex 200 gel and a refractometer was used for
detection.
was mixed with the pyridine before chlorosulfonic acid addition in one study (Sobel et al., 1936),
and dimethylformamide was used instead of pyridine in the other (Guiseley, 1978). An attempt
was made to use lower temperature during ficoll sulfate synthesis. However when the temperature
of the pyridine chlorosulfonic acid mixture was lowered to about 700C, the chlorosulfonic acid
precipitated.
It has been reported that the extent of sulfation of dextran can be reduced by reducing the
amount of chlorosulfonic acid (Ricketts, 1952). Attempts were made to synthesize ficoll sulfate
using a lower concentration of chlorosulfonic acid and a higher concentration of ficoll. Forty five
ml of chlorosulfonic acid were dripped into 100 ml of pyridine. One hundred ml of pyridine were
then added and the mixture was heated to dissolve the salts. The acid addition step is very
dangerous, and it was foreseen that a number of different reaction schemes would be attempted.
The pyridine-chlorosulfonic acid mixture has been found to be stable at room temperature for at
least 4 months (Sobel et al., 1936), so 50 ml of the pyridine-chlorosulfonic acid mixture was
pippeted into each of 3 stoppered Erlenmeyer flasks and stored in the fume hood for later attempts
at ficoll sulfate synthesis. Fifteen grams of ficoll was added to the remaining 50 ml in the reactor
and the mixture was stirred at 800C. Samples of the reaction mixture were taken by putting a
stainless steel spatula in one of the reactor ports at 1, 2, and 3 hours. After 4 hours, the reaction
was stopped and the ficoll sulfate was dissolved in distilled water, neutralized with 37% NaOH,
precipitated in ethanol, ultrafiltered, and freeze dried. The one hour sample had 8.6 weight percent
sulfur and the final product had 13.4 weight percent sulfur. The reaction was repeated using one
of the 50 ml chlorosulfonic acid-pyridine mixtures. The stopper on the Erlenmeyer flask was
replaced with a condenser attached to an oil bubbler. The Erlenmeyer flask was heated in an 80°C
water bath until the pyridine-chlorosulfonic acid complex dissolved. The condenser was then
removed and the pyridine-chlorosulfonic acid mixture was poured into the reactor. Fifteen grams
of ficoll was then added and the mixture was stirred until the ficoll had dissolved 30 minutes later.
The reaction was then stopped and the ficoll sulfate was recovered. The ficoll sulfate had 10.38
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weight percent sulfur. This reveals that the sulfation reaction is very fast, with the majority of it
happening within the first half hour. This agrees with the findings of Guissley (1978) who found
that the sulfation of guar and locust bean gum in dimethylformamide is very rapid, with 80% of the
possible reaction happening in the first hour. Fluorescent labelling of the ficoll sulfate samples
containing the least sulfur was not attempted because of the possibility that adequate time had not
been provided for homogeneous sulfation.
An attempt was made to synthesize ficoll sulfate using 10 ml, rather than 30 ml, of
chlorosulfonic acid, and 100 ml of pyridine. Twenty grams of ficoll were added to the mixture,
which formed a solid mass that did not dissolve after extensive stirring. It was probable that the
reduced acid concentration prevented the ficoll from dissolving. An attempt was made to
synthesize ficoll sulfate using a small amount of chlorosulfonic acid in combination with pyridine
sulfonic acid. One hundred ml of pyridine were transferred to the reactor and heated to 80C.
Fifteen grams of ficoll were added. The ficoll dissolved almost instantly and the solution was
clear. The high solubility of ficoll in pyridine proved useful later. One of the 50 ml Erlenmeyer
flasks containing the chlorosulfonic acid-pyridine mixture was heated and the stoichiometric
amount required to synthesize 15 g of three weight percent sulfur ficoll sulfate, approximately 8
ml, was added to the reactor. The mixture turned brown and the ficoll came out of solution and
formed a solid mass that stuck to the reactor bottom, thermometer, and stirrer. It was hypothesized
that the ficoll was not dissolving because the mixture was not acidic enough with only a small
amount of chlorosulfonic acid added. Fifty grams of a powder called pyridine-sulfonic acid
(Aldrich) was then added to increase the acidity of the mixture. The ficoll dissolved completely
over a period of about 30 minutes and the reaction mixture turned grey with a few floating small
black particles. The reaction was stopped and the mixture was ultrafiltered to recover the ficoll
sulfate. It appeared as if the pyridine-sulfonic acid had hydrolyzed the ficoll because a large
amount of the ficoll sulfate crossed the 5kD ultrafiltration membrane. The sulfur content was
determined to be 0.2% using the method of Macintosh (1941, see Section 2.2). It is likely that the
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ficoll was not sulfated at all and the measured sulfate was residual reactant. The experiment was
not repeated, but it is possible that it would be successful if less pyridine-sulfonic acid were used
and if the powdered pyridine-sulfonic acid was completely dissolved before the ficoll was added.
Because the ficoll appeared highly soluble in pyridine, an attempt was made to reduce the
degree of sulfation by using a high concentration of ficoll. One of the 50 ml Erlenmeyer flasks
containing the chlorosulfonic acid-pyridine mixture was heated. A 100 ml Ace round bottom flask
with three angled necks was equipped with the stirring apparatus described previously and a
condenser was connected to the oil bubbler. Twenty five ml of the chlorosulfonic acid-pyridine
mixture was pipetted into the reactor. The reactor was then stirred and heated in a 80'C water bath.
Fifteen grams of ficoll was then added. The ficoll dissolved after about I hour to form a uniform
mixture the color of coffee and the viscosity of caramel. The reaction was stopped after about 3
hours and the ficoll sulfate was dissolved in distilled water, neutralized with 37% NaOH,
precipitated in ethanol, ultrafiltered, and freeze dried. The ficoll sulfate had 6.7 weight percent
sulfur. The ficoll sulfate was fluorescently labelled using the protocol of DeBelder and Granath
(1973). The ficoll sulfate fluorescein product had one fluorescein group per 18 + 4 ficoll sulfate
molecules. This was comparable to the ficoll fluorescein which had one fluorescein per 13 ficoll
molecules, and was sufficient for accurate measurement of trace ficoll sulfate concentrations.
2.6 Homogeneity of Sulfation
Because the majority of sulfation occurs in the time it takes the ficoll to dissolve, it was
possible that the first ficoll to dissolve was being completely sulfated, that the last to dissolve was
not being sulfated at all, and that the DTAF was only labelling unsulfated ficoll. This was tested
using ion exchange chromatography.
Ficoll sulfate was eluted through a gel containing immobilized cationic tertiary amines.
When a low ionic strength buffer is used, the sulfated, anionic molecules will bind to the cationic
gel and remain in the column but any unsulfated, neutral molecules will elute out. A 5 ml high trap
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Q disposable ion exchange column (Pharmacia) was equilibrated with 0.02 M pH 7.4 tris buffer
using a peristaltic pump (P3, Pharmacia). A volume of 0.5 ml of buffer containing approximately
1 mg of fluorescently labeled ficoll sulfate was injected into the column. The flow rate was
approximately 1 ml/min and eluent fluorescence was detected with the fluorimeter. After four
column volumes of buffer had eluted, the buffer was changed to 0.02 M pH 7.4 tris buffer with
1.0 N NaC1. No ficoll sulfate eluted from the column when the low ionic strength buffer was
used. The ficoll sulfate desorbed from the column and a sharp fluorescence peak was evident
immediately after the elution with high ionic strength buffer, as shown in Figure 2.5. The same
experiment was performed with ficoll fluorescein as a control. Eighty five percent of the ficoll
fluorescein eluted from the column at low ionic strength. The remaining 15 percent eluted out at
high ionic strength, as shown in Figure 2.6. It is likely that a fraction of the anionic fluorescein
carboxyl groups on the ficoll bound to the gel. Because none of the ficoll sulfate eluted at low
ionic strength and 85 percent of the monovalent anionic ficoll fluorescein did, it was concluded that
all the ficoll sulfate was sulfated and had more than one negative charge. Because there was no
fluorescence detected at low ionic strength, it was concluded that the fluorescein labels were
attached to sulfated, anionic molecules.
2.7 Alternative Synthesis Methods
It was determined in Section 2.5 that the extent of sulfation can be controlled by varying
the ficoll concentration. It is possible that the extent of sulfation could also be controlled by adding
water. Water suppresses the sulfation reaction and might be used to control the extent of sulfation
without using the high concentration of ficoll that dissolves slowly and is highly viscous. This
merits investigation.
An attempt was made to synthesize ficoll sulfate and dextran sulfate using powdered
pyridine sulfur trioxide. If successful, the addition of liquid chlorosulfonic acid to pyridine would
be unnecessary. This step is very dangerous because of the flammability of pyridine and the
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Figure 2.5: Elution of ficoll sulfate from a gel column containing immobilized cations. The initial
buffer had an ionic strength of 0.01 M, and after four column volumes of buffer had eluted, a
buffer with an ionic strength of 1.0 M was used.
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Figure 2.6: Elution of ficoll from a gel column containing immobilized cations. The
experiment was performed as in Figure 2.5 but with ficoll fluorescein
heat generated by the addition of a strong acid to an organic solvent. It has been reported that
pyridine sulfur trioxide, (C5H5N)2SO3, is generated by the addition of chlorosulfonic acid to
pyridine and is responsible for the sulfation of cholesterol (Sobel et al., 1936) and dextran
(Ricketts, 1961). An attempt was made to sulfate ficoll and dextran using a powder supplied by
Aldrich called "sulfur trioxide pyridine complex", or C5H 5NS0 3. It has the same name as the
chemical described by Ricketts (1961), but has one less pyridine than the chemical described by
Sobel et al. (1936). Aldrich indicated it was produced by dripping chlorosulfonic acid into
pyridine. Nine grams of sulfur trioxide pyridine complex (Aldrich), the stoichiometric amount
required to synthesize 20 g of 2 weight-percent-sulfur ficoll sulfate, was dissolved in 100 ml of
80'C pyridine. Twenty grams of ficoll was added. The mixture turned brown and the ficoll came
out of solution and formed a solid mass that stuck to the reactor. This was similar to what
occurred when the synthesis was attempted with a small amount of chlorosulfonic acid, as
described above. Synthesis of dextran sulfate was attempted using a higher concentration of sulfur
trioxide pyridine complex. A weight of 25 g of sulfur trioxide pyridine complex was dissolved in
45 ml of 80'C pyridine in the reactor. To ensure uniform sulfation, the dextran was first added to
pyridine and then poured into the reactor, rather than adding powdered dextran to the reactor.
Fifteen grams of 40 kD dextran (Sigma) was added to 25 ml of 80C pyridine. The dextran did not
dissolve completely in the pyridine and the solution had a milky-white color. The dextran mixture
was then added to the sulfur trioxide containing mixture and stirred for 3 hours at 80C. The
mixture resembled peanut butter in viscosity and color. The dextran sulfate was recovered and
purified. The weight percentage sulfur was less than 0.05 %, indicating that sulfation did not
occur. Sulfation occurs when the same concentration of chlorosulfonic acid is used instead of
sulfur trioxide pyridine complex (Rickets, 1952). It is likely that the sulfur trioxide pyridine
complex supplied by Aldrich is not the same as the complex that forms when chlorosulfonic acid is
added to pyridine.
2.8 Ficoll Sulfate Fractionation
Methods for preparing four 2-3 gram narrow fractions of ficoll sulfate were investigated.
Ultrafiltration and successive precipitation were rejected because of low size selectivity.
Preparative electrophoresis was rejected because only about 250 mg of ficoll sulfate could be
processed at a time. Field-flow fractionation, which uses diffusivity differences to separate
molecules, was rejected because it required building an apparatus. Preparative size exclusion
chromatography was chosen because it has high size selectivity, about 2 grams of ficoll sulfate can
be processed at a time, and the equipment is readily available.
Modelling of Size Exclusion Chromatography
Initial estimates indicated that fractionating ficoll sulfate using the chromatographic
equipment and techniques used previously in the lab would require an inordinate amount of time.
Size-exclusion chromatography was modelled to optimize the column dimensions and operating
strategy.
When a small volume sample of identical macromolecular solutes is injected into a column
and chromatographed, the sample will spread and there will be a distribution of elution times due to
dispersion effects. This dispersion limits separation effectiveness. Dispersion of 10-100 A
molecules flowing slowly through a column packed with spherical gel particles is due to the effects
of interparticle streaming flow, intraparticle diffusion, and interparticle diffusion. The effects of
gel particle boundary layers are negligible, and there is no adequate model to describe the effects of
the column walls and ends (Yau et al., 1979).
The effectiveness of the fractionation is commonly described using the concept of
equilibrium plate height. A column is conceptually divided into regions, or plates, in which there
is equilibrium between solutes inside gel beads and solutes between gel beads. Having relatively
short equilibrium plates, or equivalently, having a large number of plates in a column, indicates
effective separation. The height of an equilibrium plate is calculated by dividing the dispersion
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coefficient by the inter-particle solvent velocity.
Dispersion caused by inter-particle streaming flow accounted for between 10 and 90
percent of total dispersion predicted by the model. This dispersion is due to varying solvent
velocities in tight and narrow spaces between gel particles. This was accounted for using a
probabalistic model of convection and diffusion between gel beads (Gunn, 1971). The predictions
were comparable to those of a model that assumed there was a stagnant film around the gel beads
whose thickness was described by a mass transfer coefficient correlation (Horvath and Lin; 1976)
and a simple eddy diffusion model (Klinkenberg and Sjenitzer, 1956). Interparticle diffusion
accounted for between 0 and 5 percent of total dispersion. The contribution of inter-particle
diffusion to total plate height was calculated from the free solution macromolecular diffusivity, D,
and inter-particle solvent velocity, u, using the equation (Horvath and Lin, 1976):
1.2D
H=- (1)U
Dispersion caused by intraparticle diffusion accounted for between 5 and 90 percent of total
dispersion during fractionation. This was modelled using equations for solute conservation inside
the gel particles and between gel particles:
oC, (2 Cs 2 Cs(2)
-" = Dsm + (2)
dt dr2 rdr
C, dC 2C 6(1- #) Cs(3
-. + u D x = D&2 s (3)
dt & dH' p r r= -2
C = K -C,, (4)
In these equations Cs and Cm are solute concentrations inside and outside the gel beads,
respectively, K is the solute partition coefficient, DSM is the intraparticle diffusion coefficient, x is
55
the column length variable, r is the radial distance from the center of a gel bead, and P is the
fraction of extraparticle solvent volume. These equations cannot by solved analytically. Explicit
expressions for peak spreading have been derived in terms of statistical moment using Laplace
transformations of the differential equations (Hermans, 1968; Yau et al., 1979). The first moment
indicates the average solute elution time and the second moment describes peak spreading due to
intraparticle diffusion. The two can be combined to express the contribution of intraparticle
diffusion to the total plate height H. The result is
K .- /Vo ud, (5)H= p(5)
30(1 + K /Vo)2 DSM
Where Vi is the volume of void in the gel beads, Vo is the void volume between the gel beads, and
dp is the gel bead diameter. The intraparticle diffusivity, DSM, was calculated using the effective
medium model of Johnson et al. (1996), assuming a gel fiber radius of 0.3 nm. The Darcy
permeability was calculated to be 0.51 nm2 using this fiber radius, a gel void fraction of 0.94
(Kagedal et al., 1991), and the correlation of Jackson and James (1986). The partition coefficient
was determined from experimental solute elution volumes.
The plate heights predicted by the model were compared to the plate heights inferred from
the elution profiles of seven proteins. The plate height can be calculated from the elution volume,
VR, column length L, and base peak width Wb using (Yau et al., 1979):
H L Wb2 (6)
16 VR
The peak width at the base is determined by first drawing lines parallel to and through the inflection
points on each peak shoulder. The distance between the intersection of each line on the x, elution
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volume, axis is the peak width at the base. Protein elution profile plots in Kagedal et al. (1994)
and a product specification brochure for Superdex 200 gel from Pharmacia were used as sources of
experimental plate height data, which is summarized in Table 2.2 and Figure 2.7.
The model predictions are in good agreement with the experimental data for small
molecules and overestimate plate heights for large molecules. This overestimation will result in
conservative predictions of column performance.
The dispersion model was used in a Fortran program that calculated the sensitivity of the
separation to column length, flow rate, and loading volume. The size distribution of ficoll sulfate,
measured using analytical size exclusion chromatography, was approximated as the sum of 500
monodisperse peaks of unique radius, molecular weight, Mi, and dispersion coefficient. The
program simulated the collection of narrow ficoll sulfate fractions by setting the elution volume
where product collection would begin and end. The polydispersity of the ficoll sulfate was
calculated as the ratio of weight-average molecular weight, M,, to number-average molecular
weight, Mn, from the mass, Wi, of each of the monodisperse peaks in the collected volume (Flory,
1953).
MW W M i (7)
M, (8)
M (W/Mi
The flow rate, column length, loading volume, and collection volume were varied to evaluate their
effects on polydispersity and the results are plotted in Figure 2.8. Polydispersities were highly
sensitive to column length and relatively insensitive to sample volume and flow rate.
Subsequently, fractionation was carried out using the maximum column length, sample volume
and flow rate feasible.
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Figure 2.7: Comparison of predicted plate height to experimental plate heights from Kagedal et al.
(1994) and a product specification brochure for Superdex 200 gel from Pharmacia for 7 proteins.
Table 2.2: Comparison of model prediction to experimental plate height for seven proteins
Protein rs(A) Plate Height x104 (m) Plate Height x10 4 (m) Plate Height x10 4 (m)
Kagedal et al. (1994) Pharmacia Model Prediction
Vitamin B12 7.2 1.89 2.13 0.93
Myoglobin 19.0 2.31 2.02 1.50
Ovalbumin 30.5 3.44 2.67 2.66
Transferrin 38.1 4.12 3.88 3.87
IgG 48.3 6.61 6.30 6.09
Ferritin 61.0 6.57 5.13 9.52
Thyroglobulin 85.0 6.43 6.49 12.42
1.4 F
7a
0-
L_C,
o
o
"0
0
13_
1.35 k
1.3k
1.25
1.2 k
1.15
1.1
0.5 1.5
Fractional Change in Operating Parameter
Figure 2.8: Sensitivity of product polydispersity to fractional changes in flow rate, column
length, loading volume, and collection volume.
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The fractional recovery was calculated as the ratio of total ficoll sulfate weight in the
collected volume to the weight initially loaded. Fractionation of ficoll sulfate in a two-pass
process, where polydisperse ficoll sulfate is separated into narrow ficoll sulfate fractions and then
the narrow fractions are chromatographed again, was simulated to optimize fractional recovery as a
function of the collection volume during the first pass through the chromatography column. The
collection volume during the first pass was varied and the collection volume during the second pass
was iteratively determined so that the sample polydispersity was less than or equal to 1.1. The
simulation predicted that maximum recovery would be obtained if the fractionation is carried out in
two steps. The first step crudely fractionates the ficoll sulfate using large collections volumes. For
the collection of four ficoll sulfate fractions, the full elution profile would be divided into four
adjacent collection volumes with minimal discard. The products of the first separation are then
refined using narrow collection volumes. The preparation of the narrow ficoll sulfate fractions is
predicted to require 25 first step fractionations, and 8 second step fractionations, using a Im long,
5 cm diameter column, and loading the column with 2 grams of ficoll sulfate per run.
Experimental Size Exclusion Chromatography of Ficoll Sulfate
A 60 g batch of ficoll sulfate with 12.5% sulfur was separated into four approximately 1 g
monodisperse fractions (polydispersity index _ 1.1) using a 5 cm I.D. preparative size-exclusion
chromatography column (XK 50/60, Pharmacia) packed with Superdex 200 (Pharmacia). The
eluent buffer was 0.05 M ammonium acetate at pH 7 with 0.15 M KC1, and the flow rate was
maintained at 500 ml/h using a dual piston pump (P500, Pharmacia). The void volume of the
column was determined from the elution of fluorescently labelled 2,000 kD molecular weight
dextran (FITC-dextran, Sigma). Fluorescence was detected with a fluorimeter (model RF-551,
Shimadzu). The column was calibrated with ficoll-fluorescein standards with rs = 29.7, 37.7,
46.4, and 58.7 A (Johnson et al., 1996). Approximately 1 g of polydisperse ficoll sulfate was
injected into the column using a seven way valve and sample loop system (V-7 and Superloop 10,
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Pharmacia). Approximately 200 ml of eluent was collected for each of the four fractions using a
programmable fraction collector (Model 2128, Bio-Rad). The eluent volumes were chosen to
bracket the elution volumes observed for the four ideally sized ficoll standards. After
approximately 60 runs, the products were pooled, concentrated using ultrafiltration, freeze dried,
and chromatographed individually for refinement. A portion of each fraction was fluorescently
labeled and chromatographed using a 1.6 cm I.D. (Pharmacia XK 16/70) size exclusion
chromatography column packed with Superdex 200 for analysis. The flow rate was 1.5 ml/min
and the column was calibrated with ficoll standards, as described above. The ficoll sulfate Stokes
radii were determined from peak elution volume. The polydispersity of each fraction was
estimated by comparison of the peak width with the fluorescein standards, as shown in Figure 2.9.
There was not enough of the 56.4 A average radius ficoll sulfate fraction for the polydispersity
determination. The polydispersities of the ficoll standards, determined by Pharmacia using light
scattering, are shown in Table 2.3.
The sulfur content of the ficoll sulfate fractions was determined by Galbraith Laboratories
(Knoxville, TN) using Fourier transform infrared spectroscopy (FTIR) analysis. The refractive
index increment of ficoll sulfate was found to be 0.11 ml/g, using a sodium lamp refractometer
(American Optical, Model 10450, Buffalo, NY). The weight-average molecular weight of the
fractions was determined from a Debye plot produced by static light scattering at 90 (Young,
1981). Samples were prepared at 5 to 20 mg/ml and filtered five times through 0.2 gtm pore
diameter syringe filters (Millex-GB, Millipore Corp, Marlborough, MA). The light scattering
apparatus consisted of a 2 W argon ion laser at 515 nm (Model-95-2, Lexel, Fremont, CA), a
goniometer (Model BI-200SM, Brookhaven Instruments Corp., Holtsville, NY), and a digital
correlator (Model BI-9000AT, Brookhaven Instruments). The samples were kept at 25' C by a
circulating water bath (System II Liquid/Liquid Recirculator, Neslab, Newington, NH). Stokes-
Einstein radii were measured using a second-order cumulant fit of the correlation coefficient
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Figure 2.9: Comparison of ficoll
standards.
sulfate fraction elution profiles to elution profiles of ficoll
produced by dynamic light scattering. The aperture was 400 nm, the scattering angle was 900, the
sampling time was 1 jis, and the total counting time was 20 s. The Stokes radii of the four ficoll
sulfate fractions was taken as the average of the light scattering and chromatography values. The
radii were comparable to the radii of the ficoll fractions. The molecular weights were larger than
the ficoll fractions, as shown in Table 2.3.
Table 2.3: Ficoll and ficoll sulfate fraction characteristics
Ficoll Sulfate
Chromatography Light Scattering Average Molecular Weight Polydispersity Weight
rs (A) rs (A) rs (A) Percent
Sulfur
30.2 26.0 28.1 24,700 =1.22 12.0
38.2 33.5 35.9 47,500 =1.18 11.9
47.4 44.6 46.0 79,500 _1.15 10.4
59.3 53.5 56.4 140,000 13.0
Ficoll
Light Scattering Molecular Weight Polydispersity
rs (A)
29.7
37.7
46.4
58.7
21,292
37,355
60,710
105,209
1.22
1.18
1.15
1.13
The relationship between molecular weight and radius for the 12.5 weight percent sulfur
ficoll sulfate was calculated from the light scattering results to be:
Mw = 6.442 r 438 (9)
This correlation fit the molecular weight data with an R2 of 0.9986. The error in the two
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parameters was estimated to be: 6.442 ± 0.51 and 2.438 ± 0.014.
The weight percent of sulfur in the four ficoll sulfate fractions determined by Galbraith
laboratories was independent of molecular radius, as shown in Table 2.3. Three of four of the
fractions had sulfur weight fractions which were not significantly different than the polydisperse
ficoll sulfate, which had 12.5 ± 0.78 % SD, n=4. This is in agreement with Ricketts and Walton
(1953) who found that the sulfur weight percent in dextran sulfate created using a similar protocol
was independent of size. This suggests that the sulfate anions, and negative charges, are
distributed throughout the volume of the ficoll sulfate molecules. If all sulfates were on the surface
the sulfur weight percent would be approximately proportional to the inverse of the molecular
radius. This indicates that a volume-distributed charge is a more physically realistic description of
ficoll sulfate.
2.9 Conclusions
A novel anionic tracer, ficoll sulfate, was synthesized and characterized. The effects of
reaction time, reactant concentration and temperature on the degree of product sulfation were
determined. Increasing the ficoll concentration reduced the degree of sulfation and allowed
fluorescent labelling of ficoll sulfate for detection purposes. The ficoll sulfate size distributions
were comparable to those of ficoll. The anionic character of ficoll sulfate was demonstrated using
ion exchange chromatography. Ficoll sulfate was fractionated into four relatively monodisperse
fractions and the relationships between molecular weight and radius, and sulfur content and radius,
were determined. Sulfur content was independent of molecular size, suggesting that sulfates are
distributed evenly through the volume of the molecules. Quantitative determination of ficoll sulfate
charge density is described in Chapter 4.
Chapter 3. Assessment of the Charge-Selectivity of Glomerular
Basement Membrane
The ability of the normal glomerular capillary wall to restrict the passage of anionic
macromolecules, relative to uncharged tracers of similar size and configuration, has been
demonstrated in vivo using a variety of test molecules (Guasch et al., 1993; Maddox et al., 1992).
The fractional clearances (or sieving coefficients) of polyanions are normally much lower than
those of neutral macromolecules, but these differences are reduced or eliminated in various
proteinuric disorders. This suggests that the glomerular capillary wall normally possesses fixed
negative charges which provide an electrostatic barrier to the filtration of serum albumin and other
polyanions, and that the fixed charge content is greatly reduced in the nephrotic syndrome. The
specific location of the charge barrier remains controversial. Various electron-dense, cationic
tracers have been found to be localized in the glomerular basement membrane (GBM), whereas
anionic tracers tend to be excluded, suggesting that the charge barrier may reside in the GBM
(Kanwar and Venkatachalam, 1992; Rennke et al., 1975). However, studies of the ultrafiltration
of anionic macromolecules across isolated GBM have demonstrated much less charge-selectivity
than that observed in vivo (Bertolatus and Klinzman, 1991; Bray and Robinson, 1984; Daniels,
1994; Robinson and Walton, 1987), which is more consistent with the view that the charge barrier
is provided by the endothelial or epithelial cells. The size and charge selectivity of the GBM was
determined in the present study by comparing the permeation of ficoll sulfate across isolated GBM
to that of neutral ficoll. Ficoll sulfate was prepared and sent to Dr. Barbara Daniels at the
University of Minnesota where it was ultrafiltered across isolated GBM. The filtrate and retentate
solutions were collected, frozen, and sent to our lab. The sieving coefficient was then calculated
for a range of molecular radii by performing size exclusion chromatography on the filtrate and
retentate solutions.
3.1 Methods
Synthesis and Labeling of Ficoll Sulfate
Ficoll sulfate was synthesized by reacting Ficoll 70 (Pharmacia, Piscataway, NJ) with
chlorosulfonic acid in the presence of pyridine, and fluorescently labeled, as described in Chapter
3. The extent of sulfation was controlled by varying the amount of ficoll added to the
chlorosulfonic acid-pyridine complex. Two ficoll sulfate preparations were employed, one with
8.5% sulfur by weight and the other with 16-17% sulfur. The preparation with 8.5% sulfur had
one fluorescein group per 18 + 4 ficoll sulfate molecules. Ficoll sulfate with 16% sulfur had about
400 times less fluorescence and was more difficult to detect. In this case it appears that almost all
of the hydroxyl groups that are normally substituted by DTAF were occupied by sulfate.
Ficoll Sulfate-BSA Binding
Dextran sulfate binds to serum albumin present in plasma, as described in Chapter 1. It
was not known if ficoll sulfate would bind to albumin. The binding of ficoll sulfate and other test
molecules to BSA was assessed using two methods. The first approach involved interactions with
immobilized BSA. Beads of 4% agarose with 15mg of BSA insolubilized per ml gel (Sigma) were
packed in a column (16/20 C, Pharmacia). Five fluorescently labelled polymers were tested: ficoll,
ficoll sulfate with 8.5% sulfur, ficoll sulfate with 17% sulfur, dextran sulfate with 7% sulfur, and
dextran sulfate with 15% sulfur. The synthesis of the dextran sulfates (from Dextran 40, Sigma)
was similar to that for the ficoll sulfates, and the labeling procedure was the same for all of the
polymers. The tracers were injected and eluted first with phosphate buffered saline (PBS) at pH
7.4. After the peak was detected, the ionic strength of the buffer was increased (PBS with 1.0 M
NaCl instead of 0.12 M). It was anticipated that the high ionic strength would suppress the
electrostatic interactions and cause any macromolecules bound to the immobilized BSA to desorb.
The percentage of the injected macromolecule that was bound was estimated by comparing the peak
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areas at the physiological and high ionic strengths. To determine if the gel or the linker arm used to
immobilize BSA contributed to the binding, control experiments were performed using a column
packed with agarose-glycine (Sigma).
The results are shown in Figure 3.1. For both ficoll sulfate and dextran sulfate, the amount
of binding to immobilized BSA increased greatly as the sulfur content was increased. The
structure of the sulfated polysaccharide (linear coil for dextran sulfate, crosslinked sphere for ficoll
sulfate) was of only secondary importance. There was little evidence for binding of neutral ficoll
to BSA, or for binding of the sulfated polymers to the control (glycine) beads. These results
suggest that electrostatic forces are responsible for the binding of the sulfated polymers to BSA,
and that the charge density of the test molecule is more important than its shape or rigidity.
The second method used to evaluate binding to BSA was to compare sieving curves
measured with cellulose ester ultrafiltration membranes, with or without BSA present in the
retentate. Approximately 1 mg/ml of polydisperse ficoll, ficoll sulfate with 8.5% sulfur, or dextran
sulfate with 18% sulfur (similar to commercial dextran sulfates) was added to PBS or to PBS
containing 0.4 g/dl BSA, and the pH adjusted to 7.4. (A sub-physiological concentration of BSA
was used to minimize osmotic effects and yield filtration rates similar to those for protein-free
solutions.) The solutions were ultrafiltered across a 30 kD molecular-weight cut-off cellulose ester
membrane (PLCC, Amicon) in a 3 ml stirred cell (Model 3, Amicon). The cell was pressurized to
100 mm Hg using nitrogen and the filtrate was collected for 15 min. Samples of the filtrate,
retentate and initial solutions were chromatographed on a 10/20 C column packed with Superdex
200 (Pharmacia). The void volume was determined from the elution of fluorescently labelled
2,000 kD dextran (FITC-dextran, Sigma). The eluent was 0.05 M ammonium acetate with 0.15 M
KCl at pH 7. The column was calibrated with fluorescently labelled ficoll standards with Stokes-
Einstein radii of 29.7, 37.7, 46.4, and 58.7 A (Johnson et al., 1996). Sieving curves were
constructed by plotting the ratio of filtrate to retentate concentration (0) as a function of molecular
radius.
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Figure 3.1: The binding of ficoll, ficoll sulfate, and dextran sulfate to gel columns containing
immobilized BSA or glycine, as a function of the sulfur content of the test molecule. The percent
bound was calculated as the percent of the sample which eluted initially when physiological ionic
strength buffer was used compared to the percent which eluted when high ionic strength buffer
was used.
The sieving curves for ficoll were not affected by BSA, as shown in Figure 3.2. Those for ficoll
sulfate showed a slight reduction of O for the largest molecules when BSA was present, as shown
in Figure 3.3, possibly due to BSA binding. In contrast, the sieving curves for dextran sulfate
were depressed significantly by BSA for all molecular radii, as shown in Figure 3.4, consistent
with the formation of dextran sulfate-BSA complexes in the ultrafiltration cell. More revealing
was the effect of BSA on the chromatographic elution profiles. As shown in Figure 3.5, the
dextran sulfate samples with BSA yielded a new peak that eluted early, which is evidence for large
complexes. No such secondary peak was observed with ficoll or ficoll sulfate, as shown in
Figures 3.6 and 3.7. It was concluded that BSA binds extensively to highly sulfated dextran
sulfate, does not bind to ficoll, and binds minimally to moderately sulfated ficoll sulfate. Ficoll
sulfate with 8.5% sulfur was used in the remainder of this study, because of its minimal binding to
BSA and its ease of detection.
Ultrafiltration Across Isolated GBM
Glomeruli were isolated from male Sprague-Dawley rats and the cells removed by detergent
lysis, as described previously (Daniels et al., 1992). The resulting glomerular skeletons
maintained the general shape of the glomerulus and were composed predominantly of GBM, with
occasional areas of residual mesangial matrix. Immunofluorescence microscopy of GBM obtained
in this manner shows the presence of type IV collagen, laminin, and heparan sulfate proteoglycan
(Daniels et al., 1992). To form filters, 150 jgg of GBM suspended in pH 7.4 Krebs-bicarbonate
buffer were added to a 3 ml ultrafiltration cell (Model 3, Amicon). Stirring was initiated and the
cell was pressurized to 1500 mmHg with compressed air for 1 h to consolidate the GBM into a
homogeneous layer on a piece of filter paper. The buffer was then replaced with a test solution
containing 0.5 mg/ml of polydisperse ficoll or ficoll sulfate. Filtration studies were carried out at
270C with an applied pressure of 60 mmHg and a stirring rate of 220 rpm. After an equilibration
period of 10-20 min, the filtrate was collected for 30-60 min. Samples of the filtrate, the retentate at
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Figure 3.2: Sieving curves for ficoll in Amicon 30
membranes with or without 0.4% BSA present
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Figure 3.3: Sieving curves for ficoll sulfate in Amicon 30 kD molecular-weight-
cutoff membranes with or without 0.4% BSA present
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Figure 3.4: Sieving curves for dextran in Amicon 30 kD molecular-weight-cutoff
membranes with or without 0.4% BSA present
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Figure 3.5: Elution profiles of dextran sulfate from gel chromatographic columns, with
or without BSA present. The samples are the final retentates in ultrafiltration
experiments performed with Amicon 30k D molecular-weight-cutoff membranes.
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Figure 3.6: Elution profiles of ficoll sulfate from gel chromatographic columns, with or
without BSA present. The samples are the final retentates in ultrafiltration experiments
performed with Amicon 30 kD molecular-weight-cutoff membranes.
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Figure 3.7: Elution profiles of ficoll from gel chromatographic columns, with or without BSA
present. The samples are the final retentates in ultrafiltration experiments performed with
Amicon 30 kD molecular-weight-cutoff membranes.
the beginning of the collection period, and retentate at the end of the collection period were
chromatographed for determination of sieving coefficients as a function of molecular radius. The
samples were chromatographed on a 1.6 cm I.D. column (XK 16/70, Pharmacia) packed with
Superdex 200. The eluent was 0.05 M ammonium acetate with 0.15 M KC1 at pH 7, and the flow
rate was maintained at 1.5 ml/min using a dual piston pump (P500, Pharmacia). The ficoll
calibration standards and the marker used to determine the void volume were as described above.
The apparent sieving coefficient for a given molecule was defined as O' = C/CR, where
CF is the filtrate concentration and CR is the concentration in the bulk retentate; CR was obtained
from the arithmetic average of the initial and final values. The true sieving coefficient is given by
S= CF/CM, where CM is the solute concentration at the upstream membrane surface. Because of
concentration polarization, CM > CR and < O'. The true sieving coefficient was calculated from
the apparent one using
6'
'9= (1)(1 - eO')exp(v/k)+ e'
where v is the superficial velocity of the filtrate (i.e., the volume flux) and kc is the mass transfer
coefficient in the retentate. The mass transfer coefficient for this particular ultrafiltration cell was
evaluated as
kc = 2.35u"6 DcL 3  (2)
where kc is in cm/s, u is the viscosity of water in centipoise, and D.* is the solute diffusivity in
cm2/s (Edwards et al., 1997). For the results reported here with isolated GBM, the true sieving
coefficients were calculated to be about 30% lower than the apparent values.
The hydraulic permeability (L ) of the GBM layer was calculated as
L = AP - (3)
BSAIBSA
where AP is the applied pressure and aBsA and AL1BSA are the reflection coefficient and osmotic
pressure difference, respectively, for BSA. The reflection coefficient was estimated as
rBSA = 1 - OBSA and A-1 BSA was calculated from the concentrations of BSA at the upstream surface
and in the filtrate, using the correlation of Vilker et al. (1981).
In the first series of experiments with GBM, the ficoll or ficoll sulfate was added to Krebs
buffer, with or without 4 g/dl BSA. A single collection period was employed with each
membrane. These data were analyzed in an unpaired manner to determine the effects of tracer
charge and BSA. In a second series of experiments there were two collection periods, allowing a
paired comparison of ficoll and ficoll sulfate in each membrane at a given ionic strength. The order
of exposure to ficoll or ficoll sulfate was varied randomly. These studies were performed with a
low ionic strength buffer, 0.01 M phosphate at pH 7.4, or with a physiological buffer. In this
series BSA was absent. The reason for using a low ionic strength in some of the experiments was
to reduce the electrostatic screening due to the dissolved salts, thereby making it possible to detect
relatively weak charge interactions between the membrane and the test macromolecules.
Ultrafiltration Across Synthetic Membranes
In addition to the preliminary experiments used to examine the binding of the test molecules
with BSA, sieving measurements with synthetic membranes were performed under conditions
similar to those employed with GBM. In this case the membranes were track-etched polycarbonate
with a nominal pore diameter of 0.015 gtm (Coming Costar, Cambridge, MA). Such membranes
have been shown to have fixed negative charges (Deen and Smith, 1982). The initial solution
consisted of 10 mg/dl of fluorescenated ficoll or ficoll sulfate in 0.01 M phosphate buffer at pH
7.0, or in that buffer with 1 M KCl added. The 3 ml ultrafiltration cell was pressurized to 60 psig
using nitrogen. The cell was equilibrated for 15 min and the filtrate was collected for 30 min, after
which the ionic strength was changed. The experiments were performed in varying order three
times for each tracer at each ionic strength. The filtrate and the initial and final retentates were
chromatographed and the sieving coefficients were determined as described above.
BSA Effect on Partitioning
The diffusive flux of ficoll and ficoll sulfate across synthetic membranes was measured
under conditions similar to those employed with GBM, to investigate the effect of BSA-ficoll or
BSA-ficoll sulfate repulsive interactions on partitioning. Cellulose ester membranes are highly
inert to proteins. A 50 kD molecular-weight-cutoff dialysis membrane (Spectra/Por CE, Spectrum
Medical Industries, Houston, TX) was placed in a dialysis cell with a 10ml half cell volume
(Spectra/Por Macro Dialyzer 132377, Spectrum Medical Industries). A pH 7.4 PBS buffer with
0.05% sodium azide was prepared. Buffer with 0.025g of fluorescently labelled ficoll or ficoll
sulfate was added to one cell half, and tracer-free buffer to the other. After 3 hours, the dialysate
and dialysand solutions were removed and chromatographed and the concentration ratios were
determined. The experiment was then repeated with 4 g/dl BSA in the buffer using the same
membrane.
3.2 Results
Ultrafiltration Across GBM at Physiological Ionic Strength
The mean sieving curves for ficoll and ficoll sulfate in isolated GBM, with or without
BSA, are compared in Figure 3.8. The data plotted in Figure 3.8 are shown in Table 3.1. The
sieving coefficient (9) is plotted as a function of the Stokes-Einstein radius (rs). Whether BSA
was present or absent, there was no significant difference between the sieving curves for the
uncharged and anionic forms of ficoll. However, the sieving coefficients for both forms of ficoll
were elevated when BSA was present. An analysis of variance for the unpaired data indicates that
the effects of BSA on 9 were statistically significant for a wide range of molecular sizes (p < 0.05
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Figure 3.8: Sieving curves for ficoll and ficoll sulfate in isolated GBM at physiological strength,
with or without BSA present. Also shown is the sieving coefficient for BSA. Values are shown
as mean ± SE, with n =7 for ficoll without BSA, n =6 for ficoll with BSA, n =7 for ficoll sulfate
without BSA, and n =8 for ficoll sulfate with BSA.
Table 3.1: Sieving coefficients of ficoll and ficoll sulfate in isolated GBM at physiological strength,
with or without BSA present. Values are shown as mean ± SE, with n =7 for ficoll without BSA,
n =6 for ficoll with BSA, n =7 for ficoll sulfate without BSA, and n =8 for ficoll sulfate with
BSA.
rs (A) Ficoll SE Ficoll SE Ficoll SE Ficoll SE
BSA Sulfate Sulfate
BSA
5.80E-01
5.03E-01
4.21E-01
3.49E-01
2.79E-01
2.26E-01
1.82E-01
1.46E-0 1
1.21E-01
9.75E-02
8.14E-02
6.66E-02
5.65E-02
4.81E-02
4.14E-02
3.58E-02
3.20E-02
2.81E-02
2.48E-02
2.26E-02
2.03E-02
1.83E-02
1.70E-02
1.59E-02
1.48E-02
1.40E-02
1.33E-02
1.26E-02
1.21E-02
1.17E-02
1.13E-02
1.66E-02
1.87E-02
1.87E-02
2.03E-02
1.49E-02
1.37E-02
1.16E-02
9.54E-03
9.70E-03
7.32E-03
6.98E-03
5.48E-03
5.07E-03
4.71E-03
4.38E-03
4.09E-03
3.98E-03
3.64E-03
3.42E-03
3.21E-03
3.03E-03
2.88E-03
2.73E-03
2.60E-03
2.53E-03
2.43E-03
2.35E-03
2.32E-03
2.26E-03
2.23E-03
2.21E-03
1.06E+00
9.46E-01
8.04E-01
6.58E-01
5.31E-01
4.24E-01
3.35E-01
2.63E-01
2.06E-01
1.58E-01
1.19E-01
9.02E-02
6.96E-02
5.47E-02
4.39E-02
3.57E-02
2.95E-02
2.47E-02
2.11E-02
1.83E-02
1.61E-02
1.43E-02
1.29E-02
1.18E-02
1.09E-02
1.01E-02
9.46E-03
8.92E-03
8.49E-03
8.13E-03
7.79E-03
8.10E-02
7.67E-02
6.30E-02
4.91E-02
3.83E-02
2.85E-02
2.09E-02
1.58E-02
1.13E-02
8.31E-03
6.56E-03
6.15E-03
6.12E-03
6.14E-03
6.10E-03
6.05E-03
5.91E-03
5.75E-03
5.60E-03
5.38E-03
5.21E-03
5.01E-03
4.82E-03
4.66E-03
4.49E-03
4.35E-03
4.22E-03
4.06E-03
3.93E-03
3.84E-03
3.71E-03
5.42E-01
4.65E-01
3.90E-01
3.22E-01
2.64E-01
2.18E-01
1.79E-01
1.49E-01
1.25E-01
1.05E-01
8.87E-02
7.61E-02
6.52E-02
5.68E-02
4.98E-02
4.40E-02
3.92E-02
3.51E-02
3.16E-02
2.85E-02
2.61E-02
2.39E-02
2.20E-02
2.03E-02
1.88E-02
1.75E-02
1.64E-02
1.56E-02
1.48E-02
1.40E-02
1.34E-02
8.07E-02
5.72E-02
3.89E-02
2.72E-02
2.15E-02
1.84E-02
1.67E-02
1.52E-02
1.43E-02
1.32E-02
1.21E-02
1.13E-02
1.03E-02
9.64E-03
9.07E-03
8.42E-03
8.02E-03
7.49E-03
7.12E-03
6.75E-03
6.46E-03
6.22E-03
6.00E-03
5.74E-03
5.48E-03
5.25E-03
5.02E-03
4.81E-03
4.61E-03
4.44E-03
4.27E-03
8.52E-01
7.87E-01
6.89E-01
5.88E-01
4.76E-01
3.87E-01
3.11E-01
2.50E-01
2.05E-01
1.65E-01
1.36E-01
1.09E-01
8.99E-02
7.47E-02
6.32E-02
5.41E-02
4.74E-02
4.11E-02
3.64E-02
3.32E-02
3.02E-02
2.77E-02
2.63E-02
2.48E-02
2.37E-02
2.31E-02
2.26E-02
2.25E-02
2.23E-02
2.33E-02
2.36E-02
5.67E-02
5.18E-02
4.84E-02
4.69E-02
3.53E-02
3.15E-02
2.71E-02
2.30E-02
2.15E-02
1.77E-02
1.60E-02
1.34E-02
1.19E-02
1.04E-02
9.56E-03
8.92E-03
8.53E-03
7.97E-03
7.69E-03
7.59E-03
7.46E-03
7.42E-03
7.50E-03
7.35E-03
7.46E-03
7.60E-03
7.65E-03
7.88E-03
7.99E-03
7.97E-03
8.03E-03
for both ficoll sulfate and ficoll with 20 rs 5 46 A). A physical explanation for these effects of
BSA is provided later.
As shown in Table 3.2, the filtration velocity was lowered by BSA in a manner consistent
with its osmotic pressure. That is, there was no detectable effect of BSA on the hydraulic
permeability of the GBM. The sieving coefficient for BSA was lower than that for ficoll sulfate or
ficoll of similar Stokes-Einstein radius (36 A); BSA = 0.085+0.007 vs. OFS 0.21+0.02 and 0 F
= 0.21±0.01.
Table 3.2: Ultrafiltration results with isolated GBM.a
AP (mmHg) 60 60 60
BSA concentration (g/dl) 0 4 0
Ionic strength (M) 0.15 0.15 0.01
n 21 19 14
v (10-6 m/s) 1.72±0.14 1.08±0.06b 1.57±0.05
L (10-6 cm/s/mmHg) 2.87±0.23 2.82±0.19 2.62±0.08
OBSA --- 0.085±0.007 ---
AlBSA (mmHg) --- 23.1±0.7 ---
a Measured values are given as mean ± SE for n experiments.
b p < 0.01 vs. experiments without BSA (columns 1 and 3).
Ultrafiltration Across Synthetic Membranes
One possible interpretation of the results with isolated GBM is that the difference in charge
between ficoll and ficoll sulfate was insufficient to yield a difference in sieving coefficients.
Accordingly, ultrafiltration across anionic track-etched membranes was used to test whether the
tracers could be distinguished. As shown in Figures 3.9 and 3.10, at a high ionic strength the
ficoll and ficoll sulfate sieving curves were essentially identical, but at a low ionic strength the
sieving coefficients for ficoll sulfate were significantly lower than those for ficoll. The results at
low ionic strength confirm that, when electrostatic interactions are not screened by a high salt
concentration, the filtration of ficoll sulfate is affected by the membrane charge. The results at the
high ionic strength reinforce the assertion that the two tracers differ only in their charge
characteristics. The ficoll sieving curves at low and high ionic strength are not significantly
different (p<0.05). The data plotted in Figures 3.9 and 3.10 are shown in Table 3.3.
Ultrafiltration Across GBM at Low Ionic Strength
The absence of any difference between the sieving coefficients of ficoll and ficoll sulfate in
GBM at physiological ionic strength could mean that there was little or no fixed membrane charge,
or it could indicate that the electrostatic interactions were completely screened under these
conditions. To test for functional membrane charges, paired comparisons of ficoll and ficoll
sulfate sieving were made at low ionic strength. As shown by a representative experiment in
Figure 3.11, at low ionic strength the sieving coefficients for ficoll sulfate were well below those
for ficoll. This is the behavior expected for a negatively charged membrane. However, as shown
by another representative experiment in Figure 3.12, there was little or no difference between ficoll
sulfate and ficoll at physiological ionic strength. An analysis of 7 paired experiments at the low
ionic strength indicated that the differences in the sieving coefficients of ficoll sulfate and ficoll
were statistically significant (p < 0.05) for 20 5 r, 48 A. The 3 paired experiments at
physiological ionic strength merely reinforced the findings shown in Figure 3.8, namely, that there
was no significant charge discrimination under these conditions. These experiments confirm that
GBM has fixed negative charges, although not at high enough concentration for them to be
functionally effective at physiological ionic strength.
The filtration data in Table 3.2 show a slight tendency for Lp to be reduced at low ionic
strength, although the difference was not statistically significant.
The average GBM thickness measured in this study was comparable to that measured by
Edwards et al. (1997), 6.11 + 0.22 plm ( SE, n=25) versus 6.02 pm. There was no measurable
effect of ionic strength or BSA on membrane thickness. The average thickness of the membranes
used for experiments with and without BSA was 6.38 ± 0.32 p.m ( + SE, n=16). The average
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Figure 3.9: Sieving curves for ficoll and ficoll sulfate in track-etched membranes at
low ionic strength. Values are shown as mean ± SE, with n =3 for each case.
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Figure 3.10: Sieving curves for ficoll and ficoll sulfate in track-etched membranes
at high ionic strength. Values are shown as mean ± SE, with n =3 for each case.
Table 3.3: Sieving
M) and high (0.15
coefficients for ficoll and ficoll sulfate in track-etched membranes at low (0.01
M) ionic strength. Values are shown as mean ± SE, with n =3 for each case.
rs (A) Ficoll SE Ficoll SE Ficoll SE Ficoll SE
0.15 Sulfate 0.01 Sulfate
0.15 0.01
5.33E-01
5.43E-01
5.52E-01
5.52E-01
5.45E-01
5.33E-01
5.18E-01
5.01E-01
4.81E-01
4.63E-01
4.42E-01
4.22E-01
4.01E-01
3.80E-01
3.61E-01
3.44E-01
3.27E-01
3.10E-01
2.96E-01
2.81E-01
2.67E-01
2.55E-01
2.43E-01
2.31E-01
2.21E-01
2.11E-01
2.01E-01
1.91E-01
1.83E-01
1.74E-01
1.66E-01
1.59E-01
1.50E-01
1.42E-01
1.34E-01
1.26E-01
2.81E-02
3.16E-02
3.28E-02
3.25E-02
3.13E-02
2.97E-02
2.96E-02
2.87E-02
3.01E-02
2.80E-02
3.03E-02
3.01E-02
3.22E-02
3.42E-02
3.51E-02
3.50E-02
3.45E-02
3.63E-02
3.51E-02
3.54E-02
3.60E-02
3.60E-02
3.63E-02
3.68E-02
3.64E-02
3.60E-02
3.59E-02
3.57E-02
3.56E-02
3.52E-02
3.50E-02
3.52E-02
3.51E-02
3.48E-02
3.45E-02
3.41E-02
5.03E-01
5.13E-01
5.22E-01
5.22E-01
5.13E-01
5.04E-01
4.86E-01
4.68E-01
4.51E-01
4.31E-01
4.11E-01
3.91E-01
3.72E-01
3.52E-01
3.33E-01
3.16E-01
2.99E-01
2.83E-01
2.68E-01
2.54E-01
2.39E-01
2.28E-01
2.16E-01
2.04E-01
1.93E-01
1.84E-01
1.74E-01
1.66E-01
1.57E-01
1.48E-01
1.39E-01
1.30E-01
1.22E-01
1.13E-01
1.05E-01
9.62E-02
6.22E-03
7.00E-03
6.47E-03
6.35E-03
8.58E-03
6.34E-03
8.84E-03
9.26E-03
8.06E-03
9.15E-03
8.60E-03
8.52E-03
9.64E-03
8.95E-03
9.46E-03
8.79E-03
8.86E-03
9.69E-03
9.36E-03
9.08E-03
9.22E-03
8.96E-03
8.52E-03
9.03E-03
9.24E-03
8.80E-03
8.69E-03
9.28E-03
9.89E-03
9.64E-03
9.20E-03
9.11E-03
9.22E-03
9.57E-03
9.84E-03
9.97E-03
4.44E-01
4.39E-01
4.43E-01
4.51E-01
4.42E-01
4.46E-0 1
4.38E-01
4.27E-0 1
4.14E-01
4.01E-01
3.87E-01
3.72E-01
3.57E-01
3.43E-01
3.27E-01
3.13E-01
2.99E-01
2.85E-01
2.72E-01
2.59E-01
2.45E-01
2.35E-01
2.26E-01
2.18E-01
2.08E-01
1.97E-01
1.93E-01
1.84E-01
1.76E-01
1.70E-01
1.64E-01
1.57E-01
1.50E-01
1.44E-01
1.38E-01
1.33E-01
1.96E-02
2.10E-02
2.16E-02
2.35E-02
2.33E-02
2.64E-02
2.75E-02
2.89E-02
3.16E-02
3.20E-02
3.42E-02
3.49E-02
3.63E-02
3.70E-02
3.83E-02
3.96E-02
4.03E-02
4.09E-02
4.15E-02
4.14E-02
4.08E-02
4.23E-02
4.41E-02
4.57E-02
4.58E-02
4.48E-02
4.72E-02
4.73E-02
4.69E-02
4.74E-02
4.80E-02
4.76E-02
4.69E-02
4.69E-02
4.72E-02
4.75E-02
2.01E-01
2.05E-01
2.06E-01
2.03E-01
1.96E-01
1.85E-01
1.71E-01
1.57E-01
1.45E-01
1.33E-01
1.22E-01
1.13E-01
1.04E-01
9.74E-02
9.11E-02
8.57E-02
7.99E-02
7.55E-02
7.29E-02
6.81E-02
6.47E-02
6.19E-02
5.93E-02
5.67E-02
5.44E-02
5.25E-02
5.07E-02
4.90E-02
4.70E-02
4.53E-02
4.39E-02
4.28E-02
4.17E-02
4.04E-02
3.90E-02
3.76E-02
8.59E-03
8.18E-03
7.79E-03
8.81E-03
7.57E-03
7.98E-03
6.92E-03
5.76E-03
6.27E-03
6.20E-03
5.19E-03
5.12E-03
6.47E-03
6.27E-03
5.74E-03
6.47E-03
6.03E-03
6.20E-03
6.24E-03
6.01E-03
6.35E-03
6.41E-03
6.26E-03
6.31E-03
6.48E-03
6.25E-03
6.00E-03
5.97E-03
6.12E-03
6.18E-03
6.21E-03
6.43E-03
6.67E-03
6.67E-03
6.60E-03
6.65E-03
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Figure 3.11: Representative sieving curves for ficoll and ficoll sulfate in GBM at low ionic
strength (0.01 M). The results are for a paired experiment using the same membrane.
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Figure 3.12: Representative sieving curves for ficoll and ficoll sulfate in GBM at high ionic
strength (0.15 M). The results are for a paired experiment using the same membrane.
thickness of the membranes used for paired ficoll/ficoll sulfate experiments at 0.01 M ionic
strength was 5.61 ± 0.13 gtm ( + SE, n=7). The average thickness of the membranes used for
paired ficoll/ficoll sulfate experiments at 0.15 M ionic strength was 5.67 ± 0.27 Im ( SE, n=2).
Effect of BSA on Diffusion Across Synthetic Membranes
It was postulated that the elevation of the sieving coefficients of ficoll and ficoll sulfate with
BSA present was due to BSA affecting the GBM. Consequently, dialysis across inert synthetic
membranes with BSA present was performed to determine if the same effect would be observed.
As shown in Figures 3.13 and 3.14, the dialysate/dialysand concentration ratios of ficoll and ficoll
sulfate were increased by the presence of BSA. An analysis of the 3 paired experiments performed
with and without BSA indicated that there was a significant increase in the concentration ratio for a
wide range of molecular sizes (p < 0.05 for both ficoll and ficoll sulfate with 20 rs _ 50). This
suggests that the increased sieving in the GBM experiments was not due to a specific effect of BSA
on the membranes. The increased diffusive flux in these experiments, and much of the increase in
the GBM sieving coefficients, appears to be due to the effects of repulsive solute-solute
interactions on partitioning, as will be described below. The data plotted in Figures 3.13 and 3.14
are shown in Tables 3.4 and 3.5, respectively.
3.3 Discussion
The main finding of this study is that there were no significant differences between the
sieving curves of ficoll sulfate and ficoll in isolated GBM at physiological ionic strength (Figure
3.8). This absence of charge-selectivity is generally consistent with previous results obtained with
various GBM preparations. Bray and Robinson (1984) found only a slight reduction in the sieving
of dextran sulfate relative to neutral dextran. Likewise, Bertolatus and Klinzman (1991) found
only a small difference in the filtration rates of native (anionic) or cationized BSA. Moreover, they
showed that neutralization of carboxyl groups by methylation, which should have abolished much
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Figure 3.13: Dialysate/dialysand concentration ratio of ficoll across 50 kD molecular-weight-
cutoff cellulose-ester dialysis membrane after 3 hours with and without 4 g/dl BSA
Table 3.4: Dialysate/dialysand concentration ratio of ficoll across 50 kD molecular-weight-cutoff
cellulose-ester dialysis membrane after 3 hours with and without 4 g/dl BSA
rs (A)
20.34
20.99
21.66
22.35
23.06
23.79
24.55
25.33
26.13
26.96
27.82
28.71
29.62
30.56
31.53
32.54
33.57
34.64
35.74
36.88
38.05
39.26
40.51
41.80
43.13
44.50
45.92
47.38
48.88
50.44
52.04
53.70
55.41
57.17
58.99
60.86
Ficoll Ficoll BSA
1.33E-01 1.51E-01
1.29E-01 1.48E-01
1.29E-01 1.43E-01
1.24E-01 1.38E-01
1.20E-01 1.35E-01
1.17E-01 1.31E-01
1.12E-01 1.28E-01
1.10OE-01 1.24E-01
1.06E-01 1.20E-01
1.02E-01 1.17E-01
9.80E-02 1.12E-01
9.44E-02 1.08E-01
8.94E-02 1.03E-01
8.48E-02 9.83E-02
7.98E-02 9.36E-02
7.51E-02 8.83E-02
6.98E-02 8.28E-02
6.48E-02 7.79E-02
5.85E-02 7.24E-02
5.36E-02 6.66E-02
4.84E-02 6.07E-02
4.32E-02 5.48E-02
3.80E-02 4.95E-02
3.29E-02 4.33E-02
2.85E-02 3.86E-02
2.37E-02 3.33E-02
1.99E-02 2.87E-02
1.61E-02 2.42E-02
1.30E-02 2.00E-02
1.06E-02 1.69E-02
8.18E-03 1.37E-02
6.39E-03 1.12E-02
4.70E-03 8.81E-03
3.40E-03 6.82E-03
2.38E-03 5.32E-03
1.71E-03 4.03E-03
0.16
0.14 Ficoll Sulfate BSA
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Figure 3.14: Dialysate/dialysand concentration ratio of ficoll sulfate across 50 kD molecular-
weight-cutoff cellulose-ester dialysis membrane after 3 hours with and without 4 g/dl BSA
Table 3.5: Dialysate/dialysand concentration ratio of ficoll sulfate across 50 kD molecular-weight-
cutoff cellulose-ester dialysis membrane after 3 hours with and without 4 g/dl BSA
rs (A) Ficoll Sulfate Ficoll Sulfate
BSA
20.33
20.76
21.20
21.65
22.10
22.57
23.05
23.53
24.03
24.54
25.05
25.58
26.12
26.67
27.24
27.81
28.40
29.00
29.61
30.23
30.87
31.52
32.19
32.86
33.56
34.27
34.99
35.73
36.48
37.25
38.04
38.84
39.66
40.49
41.35
42.22
43.11
44.02
44.95
45.90
46.87
47.86
48.87
49.90
1.45E-01
1.41E-01
1.40E-01
1.36E-01
1.32E-01
1.30E-01
1.28E-01
1.25E-01
1.21E-01
1.18E-01
1.15E-01
1.12E-01
1.08E-01
1.04E-01
1.02E-01
9.91E-02
9.44E-02
9.04E-02
8.75E-02
8.44E-02
8.02E-02
7.69E-02
7.27E-02
6.87E-02
6.46E-02
6.15E-02
5.67E-02
5.31E-02
4.89E-02
4.51E-02
4.17E-02
3.78E-02
3.45E-02
3.05E-02
2.77E-02
2.40E-02
2.18E-02
1.94E-02
1.66E-02
1.42E-02
1.20E-02
1.03E-02
8.91E-03
7.30E-03
1.55E-01
1.51E-01
1.48E-01
1.47E-01
1.44E-01
1.40E-01
1.38E-01
1.33E-01
1.30E-01
1.28E-01
1.25E-01
1.23E-01
1.19E-01
1.15E-01
1.15E-01
1.09E-01
1.05E-01
1.02E-01
9.86E-02
9.43E-02
9.13E-02
8.78E-02
8.42E-02
7.98E-02
7.63E-02
7.31E-02
6.77E-02
6.46E-02
6.10E-02
5.73E-02
5.34E-02
4.97E-02
4.65E-02
4.30E-02
3.92E-02
3.56E-02
3.25E-02
2.96E-02
2.65E-02
2.34E-02
2.08E-02
1.89E-02
1.62E-02
1.49E-02
50.95 6.03E-03 1.24E-02
52.02 5.17E-03 1.07E-02
53.12 4.66E-03 9.14E-03
54.24 3.60E-03 7.92E-03
55.39 2.95E-03 7.29E-03
56.55 2.30E-03 6.50E-03
57.75 1.62E-03 5.20E-03
58.97 1.84E-03 4.31E-03
60.21 1.41E-03 3.86E-03
of the GBM charge, had only a slight effect on the sieving of BSA. Daniels (1994) found that
treating the GBM with heparatinase to remove heparan sulfate proteoglycan, adding protamine to
neutralize GBM polyanions, or reducing the experimental pH to the isoelectric point of the GBM or
BSA, had little or no effect on the sieving coefficient of BSA. Robinson and Walton (1987) also
found that the sieving of BSA across isolated GBM was the same at pH 7.4 as at pH 5.7, the
isoelectric point of GBM. Taken together, these results suggest that it is unlikely that the GBM
makes an important contribution to the charge-selectivity exhibited by the glomerular capillary wall
in vivo.
The conclusion that the GBM makes little or no contribution to normal glomerular charge
selectivity is based, of course, on the assumption that isolated GBM is not functionally different
from that in vivo. The possibility that GBM is altered during the isolation process has been
examined previously using a variety of methods. Immunofluorescent microscopy of consolidated
GBM filters prepared as in the present study demonstrated the presence of laminin, type IV
collagen, and the core protein of heparan sulfate proteoglycan (Daniels et al., 1992), the main
components of GBM. The sulfated side chains of GBM proteoglycans are also present in GBM
isolated using the present methodology (Daniels, 1994). The permeability of the GBM filters was
not changed when a milder detergent, Triton X-100, which has been shown to preserve heparan
sulfate proteoglycan, was used to lyse glomerular cells (Daniels, 1994). That isolated GBM is
relatively intact is suggested also by electron microscopy studies: the spatial distribution of cationic
ferritin has been found to be similar to that in vivo (Kanwar and Farquhar, 1979).
Functional confirmation of the presence of negatively charged groups in isolated GBM was
provided by the present results at low ionic strength, in which the sieving coefficients for ficoll
sulfate were found to be substantially lower than those for ficoll (Figures 3.11 and 3.12).
Reductions in ionic strength amplify electrostatic interactions by increasing the distance in an
electrolyte solution over which fixed charges are "felt"; the relevant length scale is termed the
Debye length. A comparison of the results at the two ionic strengths indicates that fixed negative
charges are indeed present in the GBM, but at too low a concentration to confer appreciable charge-
selectivity under physiological conditions. This conclusion was reached previously by Zamparo
and Comper (1990) on the basis of studies using model anionic polysaccharide matrices.
Experimental estimates of GBM charge density have been reported using titration (Bray and
Robinson, 1984) and an isotopic ion-exchange technique (Comper et al., 1993 ), as noted in
Chapter 1.
The conclusion that the GBM is unlikely to contribute significantly to normal glomerular
charge-selectivity contradicts inferences made from numerous histologic studies employing
electron-dense tracers described in Section 1.4. As emphasized above, the present results do not
dispute the existence of fixed negative charges in the GBM, as inferred using electron microscopy
and other methods; they suggest only that the charge density is insufficient to be functionally
important.
The sieving coefficient of BSA in isolated GBM was found to be roughly half that of
comparably sized ficoll or ficoll sulfate. Of interest is that such differences in O between BSA and
uncharged test molecules of similar size are sometimes taken as evidence for charge selectivity.
The fact that the sieving coefficients of ficoll and ficoll sulfate did not differ (at physiological ionic
strength) indicates that some other factor was responsible for the relatively low sieving coefficient
of BSA, such as its nonspherical shape.
If the GBM makes little or no contribution, then glomerular charge-selectivity must be
conferred by the endothelial or epithelial cell layers. In support of a role for the cells, Daniels
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(1994) found that removal of heparan sulfate proteoglycans increased the permeability of intact
glomeruli (studied in a filtration cell) to BSA but not the permeability of GBM. Likewise,
protamine increased the permeability of layers of whole glomeruli but not those of GBM. It has
been hypothesized that the negative charges on the epithelial cells and slit diaphragms help maintain
spaces between foot processes for the passage of filtrate, because neutralization of these charges
with protamine or cationic ferritin causes foot processes to broaden and occlude filtration channels
(Kanwar, 1984; Kelley and Cavallo, 1978). Negative charges on the slit diaphragms could also be
responsible for the charge selectivity observed in vivo, in that these fibrous structures are in close
proximity to molecules passing between the foot processes. An alternative hypothesis is that the
passage of anionic tracers across the glomerular capillary wall is selectively reduced by cellular
uptake (Tay et al., 1991). Whether or not cellular uptake is physiologically important seems
uncertain, in that electron microscopy studies have not shown cationic or anionic ferritin (Kanwar
and Farquhar, 1979; Rennke et al., 1975) bound to or within glomerular epithelial cells.
The sieving curves of both ficoll sulfate and ficoll were significantly higher when BSA was
present than when it was not (Figure 3.8). This can be explained as the combined result of two
physical factors: the reduced filtration rate of water with BSA, and the effect of BSA on the
partitioning of other molecules within the membrane. Neither factor is specific to BSA or GBM;
rather, these phenomena occur generally for macromolecular solutes in any porous or fibrous
membrane. The theory for the second (partitioning) effect has been developed only for
macromolecules of uniform size. Accordingly, the calculations described below focus on the
sieving behavior of a ficoll with rs = 36 A, the same Stokes-Einstein radius as BSA. The sieving
coefficient of this size of ficoll was 73% higher, on average, when BSA was present.
The effect of the filtration rate on the sieving coefficient, which is due to the increased
importance of diffusion at lower filtration velocities, is a well-known phenomenon in
ultrafiltration. Decreasing the filtration rate enhances the tendency of diffusion to equilibrate the
filtrate and retentate, and thereby increases the sieving coefficient. The inverse relationship
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predicted between 6 and filtration rate for a membrane of thickness 6 is described by
# Kce= c (4)1- (1- Kc) exp(-Pe)
Pe = ( c)v3 (5)(cKd)D.
where Pe is the membrane Peclet number, 0 is the partition coefficient, Kc is the convective
hindrance factor, and Kd is the diffusive hindrance factor (Edwards et al., 1997). The osmotic
pressure of BSA caused a reduction in v (Table 3.2). To calculate the corresponding change in
Pe, it was necessary to estimate the values of cK c and Kd. Both of these products are expected
to decrease rapidly with increasing molecular radius, although too little is known about the
structure of the GBM to predict their values from first principles. Accordingly, it was assumed
that
OlKd = exp(-Ar,) (6)
O Kc = exp(-Br,) (7)
where A and B are empirical constants. Using the sieving data for neutral ficoll with 20 5 rs 5 50
A, without BSA, the best-fit values obtained using Powell's method were A = 0.126 and B =
0.0670. The values of PKd and IKc obtained from eqs. 6 and 7 differ significantly from those
reported by Edwards et al. (1997), which were based on a combination of diffusion results in cell-
free glomeruli and filtration data at two different applied pressures. Using filtration data obtained
at a single pressure, as done here, avoids the complications of extrapolating the properties of the
compressible GBM to pressures other than those studied. The value of the membrane thickness
was assumed to be 6.02 im, the value determined by Edwards et al. (1997) for the same
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experimental conditions. Using these values in eq. 4, the predicted increase in e for rs = 36 A was
24%. Thus, the effect of filtrate velocity accounts for only about one third of the observed 73%
increase in the sieving coefficient with BSA.
When macromolecule solutions are not infinitely dilute, solute-solute interactions can have
a significant effect on the membrane-to-external-solution concentration ratio at equilibrium, or 0.
The available theories for cylindrical pores (Anderson and Adamski, 1983; Glandt, 1981) and
random fiber matrices (Fanti and Glandt, 1990) predict that repulsive interactions (either hard-
sphere or electrostatic) will cause 5 to increase with increasing concentration. These predictions
are supported by sieving data obtained using track-etch membranes (Mitchell and Deen, 1986).
Although in the present study the concentration of ficoll was low, it is likely that c for ficoll was
increased by its repulsive interactions with BSA, which was present at a significant concentration
(4.0 g/dl in the bulk retentate and 6.2 g/dl at the upstream surface of the membrane). To estimate
the magnitude of this effect, BSA and 36 A ficoll were regarded as indistinguishable, neutral
spheres. The neglect of electrostatic interactions is justified by our finding that the effects of BSA
on ficoll and ficoll sulfate were indistinguishable, at least at physiological ionic strength. Because,
the theory for fiber matrices has not been implemented for parameter values likely to be
representative of GBM, the qualitatively similar theory for cylindrical pores was employed. An
effective pore radius of 52 A was obtained by fitting the sieving data for ficoll with 20 rs 5 50 A,
using the standard dilute-solution theory (Deen, 1987). Using the theoretical results of Anderson
and Adamski (1983) for hard-sphere solute-solute interactions, it was calculated that 0 for a 36 A
ficoll should be increased by 74% in the presence of 6.2 g/dl BSA. The corresponding increase in
e was 70%.
Considering both effects of BSA simultaneously (reduced filtration velocity and enhanced
solute-solute interactions), the sieving coefficient for a 36 A ficoll was predicted to increase by
106%. Given the uncertainties in applying the idealized theory to the GBM, this prediction is in
remarkably good agreement with the observed increase of 73%. Thus, it appears that there is no
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need to postulate an effect of BSA on the GBM itself. It seems unlikely that this conclusion would
be altered if a more structurally realistic theory were available to describe solute-solute interactions
in the GBM. Supporting the view that BSA does not affect the intrinsic properties of the GBM is
the observation that there was no change in the hydraulic permeability (Table 3.2). It was reported
previously that Lp for isolated GBM was about 30% lower with 4 g/dl BSA present in the retentate
than when BSA was absent (Daniels et al., 1992). The calculation of Lp is influenced strongly,
however, by the osmotic pressure used in eq. 3, and is therefore sensitive to the value of the mass
transfer coefficient (kc) used to correct for concentration polarization. The value of kc used here,
which was measured recently for this particular ultrafiltration cell (Edwards et al., 1997), is more
accurate than the theoretical estimate employed previously. Applying the more accurate value of kc
to the previous data leads to the conclusion that Lp is unaffected by BSA over this range of
concentrations, consistent with the present findings.
An enhancement of the transmembrane passage of ficoll sulfate and ficoll by BSA was
observed also in experiments involving diffusion through cellulose ester dialysis membranes. The
permeation of ficoll and ficoll sulfate was increased significantly in the presence of 4 g/dl BSA, as
shown in Figures 3.13 and 3.14, the percentage change being greater for the larger molecules.
This supports the hypothesis that BSA at such concentrations can increase the membrane partition
coefficient of ficoll and ficoll sulfate, and that this effect is not specific to GBM. It is concluded
that, although BSA binds to GBM (Adal et al., 1995), any structural changes in the membrane that
might result are too small to affect its permeability properties. Quantitative analysis of the BSA
effect in dialysis membranes was complicated by the heterogenous nature of the membranes and
the unknown mass transfer characteristics of the dialysis cell.
In filters prepared by consolidating many glomerular skeletons, as done here, a small
amount of the filtrate may pass around the GBM rather than through it. This was suggested by the
tendency of the ficoll sulfate and ficoll sieving coefficients to asymptotically approach a small but
non-zero value at large molecular radii, and was evidenced in a previous study by the passage of
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small amounts of 2,000 kD dextran (Daniels, 1994). Such a shunt would lead to overestimates of
the true sieving coefficients for the GBM, the percentage error increasing with molecular size. To
minimize the effects of such artifacts, the calculations described above used ficoll sieving data only
for r5 50 A. To examine this source of error, the calculations were performed also by first
subtracting the sieving coefficient of the 80 A ficoll (an upper bound for the magnitude of the
shunt) from the entire curve. When the calculations were done in this manner, the predicted
increase in the ficoll sieving coefficient due to the presence of BSA was again in excellent
agreement with that measured.
In conclusion, it was found that there was no significant difference between the sieving
coefficients of ficoll sulfate and ficoll in isolated GBM, suggesting that GBM is unlikely to
contribute significantly to glomerular charge-selectivity in vivo. This supports the hypothesis that
the glomerular cells, and not the GBM, are responsible for glomerular charge selectivity. The
sieving coefficients of ficoll sulfate and ficoll were elevated similarly in the presence of BSA,
which could be explained as the combined effect of non-specific physical factors. The more novel
of these, which seems not to have been recognized previously in physiology, is the ability of finite
concentrations of one macromolecule (e.g., BSA) to augment the transmembrane passage of a
second, tracer macromolecule (e.g., ficoll), via intermolecular repulsions. The theory for this
effect needs further development, in that it is presently restricted to molecules of the same size. A
more complete theory, as well as additional data, are needed to determine whether this
phenomenon is important for the interpretation of sieving data in vivo. Finally, this study
represents the first use of ficoll sulfate to probe the charge-selectivity of a biological tissue. The
minimal binding of this tracer to serum albumin, together with its more rigid and spherical shape
described in Chapter 1, make it an attractive alternative to dextran sulfate for use in future
physiological studies.
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Chapter 4. Measurement of Ficoll Sulfate Charge Density
In order to model the transport of anionic ficoll sulfate across the anionic glomerular
basement membrane, and to model the transport of ficoll sulfate in future membrane experiments,
determination of the number and spatial distribution of ficoll sulfate charged groups is necessary.
An attempt was made to determine the charge density of ficoll sulfate, as will be described below,
by measuring diffusive flux across a well characterized anionic membrane and inferring charge
characteristics from theoretical models. This system was chosen because it is experimentally
simple and similar to the experiments in which the tracer will be used.
4.1 Methods
Ficoll Sulfate Sulfur Group Density
The charge density was measured for the 8.5 + 0.8 weight-percent-sulfur ficoll sulfate
which was used in the GBM ultrafiltration experiments described in Chapter 3. The molecular
weight of this batch was calculated from the molecular weight that would result from reducing the
sulfur content of the four 12.5 weight-percent-sulfur ficoll sulfate fractions, assuming that the
molecular radius did not change. The molecular weight and radius of the four 12.5 weight-
percent-sulfur ficoll sulfate fractions were given in Chapter 2 and are shown in the first two
columns of Table 4.1. The weight of ficoll in the four ficoll sulfate fractions was calculated from
stoichiometry and is shown in the third column of Table 4.1. The radius that would correspond to
the four ficoll weights was calculated using the correlation of oliver et al. (1992) and is shown in
the fourth column. If a linear relationship between radius and sulfur content is assumed, the radius
of 8.5 weight-percent-sulfur ficoll sulfate will be less than 1% smaller than the 12.5 weight-
percent-sulfur ficoll sulfate. The number of sulfate groups per molecule was calculated by
multiplying the molecular weight by the sulfur weight fraction.
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Table 4.1: Effect of sulfur content on ficoll sulfate radius
Ficoll Sulfate Ficoll Sulfate Weight of Ficoll in Radius (A) Calculated
Radius (A) Molecular Weight the Ficoll Sulfate from Ficoll Weight
56.4 140,000 96,880 56.7
46.0 79,500 55,014 44.5
35.9 47,500 32,870 35.7
28.1 24,700 17,092 27.0
Characterization of Track Etched Membranes
Track-etch polycarbonate membranes with nominal pore radii of 0.1 gtm and thicknesses of
6 gim were purchased from Osmonics Corp. (Livermore, CA , lot number AE84AF21D008).
These membranes, manufactured without the addition of polyvinylpyrrolidone, were obtained as
47 mm diameter disks. The manufacturer reported a pore density of 4.9 x 108 pores/cm 2 and a
pore radius of 0.094 lm from scanning electron micrographs of this membrane lot. The length of
the pores is slightly larger than the thickness of the membranes because the damage tracks are not
precisely normal to the membrane surfaces; the manufacturer indicated that the maximum deviation
from normal was 34'. Averaging over all conical angles from 0 to 34* gives an average pore
length that exceeds the membrane thickness by 9.3 %. In previous studies, the maximum
deviation from normal was 29* and the pore length exceeded the membrane thickness by 6.8 %
(Deen et al., 1981; Deen and Smith, 1982; Lin and Deen, 1992). The membrane thickness was
calculated using the mean weight of five membranes, the density of polycarbonate (1.19 g/cm 3),
and the pore radius and number density.
The quoted pore number density and pore radius were checked using scanning electron
microscopy. Samples were placed on an aluminum specimen mount and coated with an
approximately 50 A layer of gold by vacuum deposition. Images of the membranes were obtained
with a field emission scanning electron microscope (Model 6320, JEOL, Peabody, MA.). Two
images were made at a 30,000x magnification and one at 10,000x for each of three membranes.
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The three images at the lower magnification were used to determine the pore number density, by
counting approximately 500 pores in a 1 x 10-6 cm 2 area of each. The six images at the higher
magnification were used to estimate pore diameter, by using a calibrated eyepiece to measure the
diameter of approximately 50 pores in a 1 x 10-7 cm 2 area.
Water flow across the membrane was used as another measure of pore radius. For this
purpose membranes were cut to a diameter of 25 mm and placed in the bottom of a 3 ml
ultrafiltration cell (Model 3, Amicon, Danvers, MA.). Phosphate buffered saline (PBS) at pH 7.4
was used, with 1 M KC1 added to suppress streaming potentials. The cell was pressurized to 100
mm Hg using nitrogen and a mercury manometer. After an equilibration period of 30 s, the filtrate
was collected for 90 s and weighed to determine its volume. To test for macromolecular
adsorption, we examined the effects of having 1 mg/ml of sodium fluorescein (Aldrich Chemical
Co., Milwaukee, WI) in the buffer, or 1 mg/ml of labeled or unlabeled ficoll or ficoll sulfate.
Pore radii were determined also by fitting the hindered diffusion data obtained for a range
of sizes of neutral ficoll, as described below. The surface charge density of the membrane pores
was assumed to be that found previously from streaming potential measurements (Deen and Smith,
1982; Lin and Deen, 1992).
Membrane Diffusion Measurements
A commercial dialysis cell (Spectra/Por Macro Dialyzer 132377, Spectrum Medical
Industries) was modified by mounting a 14x12 mm magnetic stir bar in the center of each half cell,
as shown in Figure 4.1. The resulting half-cell volume was 9.3 ml and the exposed membrane
area was 11.3 cm 2. A buffer solution was used which contained 0.005 M KCl and a total of
0.0005 M mono- and di-basic sodium phosphate adjusted to pH 7.0. The diffusion measurements
were made at room temperature (23-25 °C) with the stirrers driven at 285 rpm by an external
magnet. Runs were initiated by filling one chamber with buffer containing 0.1 mg/ml of
polydisperse ficoll or ficoll sulfate and the other with buffer only. To minimize photobleaching of
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Figure 4.1: Cross sectional side view and front view of the diffusion
cell, drawn to scale. A Spectrum Model 132377 Macro Dialyzer was
modified by mounting a magnetic stir bar in a teflon rod cage in each
half cell. Each half cell contained three sampling ports. The volume
of each half cell is 9.3 ml and the exposed membrane area 11.3 cm 2.
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the fluorescein label, the cell was shielded from ambient light. The dialysate and dialysand
solutions were removed after 1 h and their fluorescence measured to check the overall mass
balance. Experiments were rejected if the total fluorescence measured at the end was not within
5% of that added initially. To determine the dialysate/dialysand concentration ratio as a function of
molecular size, samples were frozen for later analysis by size exclusion chromatography. A 1.6
cm I.D. column, a fluorimeter and a dual piston pump were used for this, as described in Section
2.3.
For half cells of equal volume, the dialysate concentration, C(t), is described by
ln2C-C0C1 _ 2At (1)SCO RTV
where A is the exposed membrane area, V is the half-cell volume, Co is the initial dialysate
concentration, and RT is the overall mass-transfer resistance. The overall resistance is the sum of
the membrane resistance, Rm, and the boundary layer resistance Rb. Neglecting pore end effects,
the membrane resistance is given by
LR, = (2)
nc rp KdD
where L is the pore length, n is the pore number density, rp is the pore radius, Kd is the diffusive
hindrance factor, D. is the diffusivity in bulk solution, and P is the equilibrium partition
coefficient. The calculation of Kd, which is a function of A = r/rp , is described elsewhere (Deen,
1987). For neutral spheres, P = (1 - A)2; the approach used to evaluate P for ficoll sulfate is
discussed below.
The boundary layer resistance was calculated from three experiments in which the overall
diffusional resistance was measured for sodium fluorescein (initial concentration, 0.1 mg/ml). The
experiments were performed as described above, except that the buffer used was PBS at pH 7.4,
105
with 1 M KCl added to suppress electrostatic interactions. Samples of 100 gl were taken from
each half cell at 0, 20, 60, and 90 min for fluorescence measurements. The Stokes-Einstein radius
of fluorescein was taken to be 4.5 A, corresponding to a diffusivity at 250C of 5.4 x 10-6 cm/s 2
(Fu et al., 1995). The boundary layer resistance for fluorescein was calculated by subtracting the
membrane resistance predicted for a neutral molecule of that size from the measured total
resistance. The boundary layer resistances of ficoll and ficoll sulfate were calculated from the
fluorescein results by assuming that Rb oc D.- 2/3 (Colton and Smith, 1972).
The product 'PKd can be calculated from the experimental concentration data, the membrane
characteristics, and the boundary layer resistance by rearrangement of equations 1 and 2.
-1
(3)
L -2At
The partition coefficient for ficoll sulfate was calculated using the results of Smith and Deen
(1983) for electrostatic double-layer interactions between porous spheres and cylindrical pores of
constant charge density. In this theory the electrostatic potentials are assumed to be governed by
the linearized Poisson-Boltzmann equation, which was solved analytically. Electrostatic free
energies were obtained by integrating the potentials over the sphere volume and pore surface, and
the free energies were used to calculate 0. When charge effects are negligible (e.g., at high ionic
strength), the theory yields the purely steric result cited above. It was assumed here that ficoll
sulfate was a sphere of unit porosity with a constant volumetric charge density. It has been found
that the calculated partition coefficient is not very sensitive to the assumed porosity of the sphere
(Smith and Deen, 1983), supporting our assumption that the fractional volume occupied by the
polymer could be neglected. The assumption that the sulfate groups are distributed throughout the
volume of the porous sphere is supported by the characterization results, as will be discussed. The
Fortran subroutine used to calculate the partition coefficient of a charged porous sphere in a
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charged cylindrical pore is given in Appendix A.
4.2 Results
The relationship between molecular weight and radius for the 8.5 weight percent sulfur
ficoll sulfate was:
M, = 6.442 r2.438
which was applicable for molecules between 29 and 57 Angstrom radius. The R2 of the fit was
0.9986. The errors in the fitted parameters were estimated to be 6.442 ± 0.51 and 2.438 ± 0.014
using the method of Press et al. (1986) that uses the standard deviation, 0i, in each of m
experimental data points and the sensitivity, d(Ci/Co)/daj , of the model prediction to the fitted
parameter aj:
2-1/2
/ dC / Co (5)
where aj is the uncertainty in model parameter aj. The derivatives were evaluated using finite
differences by assuming the model predictions varied linearly with the small changes in the
parameter values. This tends to underestimate the true magnitude of the error.
Characterization of Track Etched Membranes
The membrane thickness was calculated to be 5.2 gtm. This is slightly less than the
manufacturers specification of 6.0 gm. The average pore length was 5.7 ± 0.04 jtm, 9.3% greater
than the membrane thickness because the pores are not precisely normal to the membrane surfaces.
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The charge density on the pore walls at 0.005 molar ionic strength was 2.6 ± 0.3x10 -3 C/m 2 (Deen
and Smith, 1982; Lin and Deen, 1992). The pore diameter determined from scanning electron
microscope images was 0.14 ± 0.01 pLm and the pore density was 5.0 ± 0.1x10 8 pores/cm 2.
The pore diameter calculated from measurements of flow rate using the Hagen-Poiseuille
law for laminar flow in cylinders was 0.15 ± 0.003 pm. Ficoll sulfate fluorescein was present in
the buffer. This pore diameter was not used for calculations because the characteristics of the
membranes when they are pressurized against a woven support layer in the ultrafiltration cell may
not be the same as when they are mounted without a support layer in an unpressurized diffusion
cell. The membranes were irreversibly stretched into the shape of the support layer when they
were removed from the cell after the completion of an experiment.
Fluorescein was found to interact hydrophobically with the membranes. The flow rate was
approximately 20% lower when 1 mg/ml fluorescein (Aldrich Chemical Co., Milwaukee, WI),
fluorescently labeled ficoll sulfate or fluorescently labeled ficoll was present in the filtrate solution.
This effect was not mitigated by using high buffer salt concentration, as would be expected if ionic
interactions were occurring, and was absent with fluorescein-free ficoll or ficoll sulfate. The
reduction in flow rate was larger in a batch of membranes that contained polyvinyl pyrrolidone
(PVP) as a wetting agent.
Membrane Diffusion Measurements
The overall mass-transfer resistance, Rp for the three fluorescein experiments was 4812,
4909 and 5264 s/cm to yield an average of 4995 s/cm. The membrane resistance, Rm, and the
boundary layer resistance, Rb,were then calculated as a function of pore diameter. The pore
diameter was determined to be 0.11 ± 0.002 pLm by measuring the diffusive flux of ficoll
molecules between 20 and 80 Angstroms and fitting the results using dilute solution theory, as
shown in Figure 4.2. The experimental ficoll data plotted in Figure 4.2 are shown in Table 4.2.
Because this experimental setup is most similar to the anionic solute diffusion experiments that
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Figure 4.2: Ratio of one hour-to-initial ficoll and ficoll sulfate dialysand concentration as a
function of molecular radius. Experimental results are mean + SE with n =4. The ficoll
results were fit using a pore radius of 0.11 gtm. The ficoll sulfate results were fit using a
charge density of
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Table 4.2: Ratio of one hour-to-initial (C/Co) ficoll
Experimental results are mean ± SD with n=4.
and ficoll sulfate dialysand concentration.
rs (A) Ficoll SE Ficoll Sulfate SE
1.91E-01
1.86E-01
1.80E-01
1.74E-01
1.69E-01
1.63E-01
1.58E-01
1.53E-01
1.48E-01
1.43E-01
1.38E-01
1.34E-01
1.29E-01
1.25E-01
1.21E-01
1.17E-01
1.13E-01
1.09E-01
1.06E-01
1.03E-01
9.94E-02
9.63E-02
9.34E-02
9.05E-02
8.76E-02
8.48E-02
8.21E-02
7.96E-02
7.72E-02
7.27E-02
6.86E-02
6.47E-02
6.11E-02
5.78E-02
5.47E-02
5.16E-02
4.87E-02
4.58E-02
4.30E-02
4.03E-02
3.80E-02
3.55E-02
3.34E-02
3.10E-02
2.83E-02
1.34E-02
1.15E-02
1.02E-02
9.64E-03
8.45E-03
7.84E-03
7.20E-03
6.69E-03
6.29E-03
5.88E-03
5.85E-03
5.67E-03
5.41E-03
5.24E-03
4.99E-03
4.94E-03
4.86E-03
4.88E-03
4.86E-03
4.81E-03
4.78E-03
4.79E-03
4.85E-03
4.79E-03
4.70E-03
4.67E-03
4.64E-03
4.58E-03
4.56E-03
4.42E-03
4.34E-03
4.17E-03
4.17E-03
3.95E-03
3.86E-03
3.59E-03
3.48E-03
3.38E-03
3.29E-03
3.27E-03
3.06E-03
3.00E-03
2.92E-03
2.81E-03
2.79E-03
1.31E-01
1.26E-01
1.20E-01
1.14E-01
1.07E-01
1.01E-01
9.53E-02
8.95E-02
8.46E-02
8.00E-02
7.61E-02
7.25E-02
6.95E-02
6.69E-02
6.45E-02
6.24E-02
6.06E-02
5.90E-02
5.73E-02
5.59E-02
5.46E-02
5.33E-02
5.20E-02
5.08E-02
4.96E-02
4.85E-02
4.73E-02
4.61E-02
4.50E-02
4.27E-02
4.04E-02
3.81E-02
3.56E-02
3.32E-02
3.07E-02
2.83E-02
2.60E-02
2.38E-02
2.18E-02
1.98E-02
1.79E-02
1.61E-02
1.43E-02
1.26E-02
1.08E-02
7.22E-03
7.78E-03
8.10E-03
8.49E-03
8.36E-03
8.25E-03
7.86E-03
7.48E-03
6.94E-03
6.47E-03
6.05E-03
5.60E-03
5.30E-03
5.07E-03
4.78E-03
4.63E-03
4.49E-03
4.33E-03
4.23E-03
4.11E-03
4.05E-03
3.97E-03
3.90E-03
3.83E-03
3.76E-03
3.68E-03
3.60E-03
3.55E-03
3.52E-03
3.36E-03
3.24E-03
3.16E-03
3.02E-03
2.89E-03
2.81E-03
2.68E-03
2.54E-03
2.44E-03
2.31E-03
2.19E-03
2.06E-03
1.94E-03
1.80E-03
1.61E-03
1.45E-03
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were performed, this value was used for all calculations.
The membrane resistance, Rm, and the boundary layer resistance, Rb, assuming a
membrane pore diameter of 0.11 gm, were 2656 and 2339 s/cm, respectively for fluorescein. The
boundary layer resistance for differently sized ficoll and ficoll sulfate molecules, Rb, fic was then
calculated from the equation:
2/3
Rb,c = 2339 flo (6)
Where Rb, fic is in s/cm. For molecular radii from 20 to 80 Angstroms, the boundary layer
resistance is predicted to be from 40 to 16% of the total resistance for ficoll, 33 to 5% for ficoll
sulfate, and 59% for fluorescein.
The ficoll sulfate charge density was determined by fitting the ficoll sulfate diffusion data
using the theoretical diffusion model, as shown in Figure 4.2. The density of ficoll sulfate
decreases with molecular size, as indicated by equation 1 in which the molecular weight is
proportional to the radius raised to a power lower than three. The sulfur weight percent was found
to be independent of ficoll sulfate radius but the number of sulfur groups per volume will decline
with molecular radius. Therefore the number of charged groups per molecular weight will be
independent of radius while charge groups per volume will decline with increasing radius. A
single value of the charge per molecular weight, 1.31 + 0.14x10-22 C/(g/mol) was used to fit the
20 to 80 A radius ficoll sulfate data shown in Figure 4.2.
4.3 Discussion
Different methods have been used to measure the charge densities of macromolecules. The
charge density of bovine albumin was determined from the difference between the number of
bound hydrogen ions, measured using titration, and bound chloride ions, calculated from a
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Scatchard model (Vilker et al., 1981). The charge densities of dextran sulfate and ficoll sulfate
have been measured previously using electrophoretic mobility (Deen et al., 1980; Deen and Smith,
1982). However, ficoll sulfate was idealized as a free draining molecule, though results suggested
this was not strictly applicable. It is hypothesized that the method underestimated the ficoll sulfate
charge density. The charge density of polystyrene sulfonate has been estimated from sulfur
quantity using a model of counterion condensation (Lin and Deen, 1992). The charge density was
estimated to be somewhat less than the sulfur density due to the binding of salt cations. However,
the counterion condensation model is applicable only for linear polymers and there is no theory
available for charges distributed throughout a sphere.
Track etched polycarbonate membranes have straight cylindrical pores that have been
shown to have fixed negative charges (Smith and Deen, 1982; Lin and Deen, 1992). The pores
have a tight distribution of radii and a nearly ideal cylindrical shape which allows quantitative
conclusions to be drawn from experiments and structurally based models. The charge density of
ficoll sulfate was determined here by measuring transport across a well characterized track etched
membranes.
The average pore diameter of a batch of track etched membranes was determined by fitting
experimental diffusion data for ficoll molecules. This was taken as the best pore diameter
measurement and was used in all calculations. The fit was within the standard deviation of the
experimental error, as shown in Figure 4.2, and the pore diameter was between the manufacturer's
value and the values determined by water flow and scanning electron microscopy.
The product PKd was calculated from the concentration data shown in Figure 4.2 using
equation 3. The theoretical fit of the experimental data is not very good, as shown in Figure 4.3.
The error bars result from propagating the standard error in the measured ficoll and ficoll sulfate
concentrations, the boundary layer resistance, the pore radius, and the pore density. The
experimental values plotted in Figure 4.3 are shown in Table 4.3.
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Figure 4.3: (PKd as a function of molecular radius for ficoll and ficoll sulfate calculated from the
concentration data using equation 3. Experimental results are mean ± SE with n =4. The error
bars result from propagating the standard error in the measured ficoll and ficoll sulfate
concentrations, the boundary layer resistance, the pore radius, and the pore density.
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Table 4.3: cKd data for ficoll and ficoll sulfate. Experimental results are mean ± SE with n=4.
rs (A) Ficoll SE Ficoll SE
1.08E+00
1.09E+00
1.08E+00
1.08E+00
1.07E+00
1.06E+00
1.05E+00
1.03E+00
1.02E+00
1.01E+00
9.89E-01
9.72E-01
9.55E-01
9.40E-01
9.20E-01
9.01E-01
8.82E-01
8.65E-01
8.49E-01
8.33E-01
8.16E-01
8.01E-01
7.86E-01
7.70E-01
7.54E-01
7.38E-01
7.22E-01
7.07E-01
6.94E-01
6.68E-01
6.43E-01
6.20E-01
5.98E-01
5.78E-01
5.57E-01
5.36E-01
5.14E-01
4.92E-01
4.69E-01
4.47E-01
4.28E-01
4.06E-01
3.88E-01
3.64E-01
3.37E-01
1.88E-01
1.70E-01
1.55E-01
1.49E-01
1.34E-01
1.26E-01
1.18E-01
1.12E-01
1.06E-01
1.01E-01
9.91E-02
9.59E-02
9.18E-02
8.90E-02
8.47E-02
8.30E-02
8.09E-02
8.01E-02
7.90E-02
7.76E-02
7.64E-02
7.59E-02
7.60E-02
7.47E-02
7.29E-02
7.18E-02
7.08E-02
6.96E-02
6.92E-02
6.67E-02
6.53E-02
6.28E-02
6.25E-02
5.96E-02
5.82E-02
5.45E-02
5.29E-02
5.12E-02
4.97E-02
4.91E-02
4.63E-02
4.53E-02
4.41E-02
4.23E-02
4.14E-02
5.28E-01
5.28E-01
5.18E-01
5.02E-01
4.83E-01
4.63E-01
4.46E-01
4.27E-01
4.12E-01
3.97E-01
3.86E-01
3.76E-01
3.68E-01
3.63E-01
3.58E-01
3.54E-01
3.52E-01
3.51E-01
3.49E-01
3.48E-01
3.47E-01
3.46E-01
3.45E-01
3.44E-01
3.43E-01
3.41E-01
3.39E-01
3.37E-01
3.35E-01
3.29E-01
3.20E-01
3.12E-01
2.99E-01
2.86E-01
2.71E-01
2.54E-01
2.39E-01
2.24E-01
2.09E-01
1.93E-01
1.78E-01
1.63E-01
1.48E-01
1.32E-01
1.15E-01
5.28E-02
5.73E-02
5.95E-02
6.18E-02
6.04E-02
5.92E-02
5.65E-02
5.36E-02
5.00E-02
4.69E-02
4.44E-02
4.17E-02
4.00E-02
3.89E-02
3.74E-02
3.69E-02
3.65E-02
3.59E-02
3.57E-02
3.54E-02
3.55E-02
3.54E-02
3.54E-02
3.53E-02
3.53E-02
3.51E-02
3.48E-02
3.48E-02
3.50E-02
3.42E-02
3.37E-02
3.34E-02
3.25E-02
3.14E-02
3.07E-02
2.95E-02
2.83E-02
2.73E-02
2.61E-02
2.49E-02
2.36E-02
2.23E-02
2.08E-02
1.88E-02
1.70E-02
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These results contradict previous studies which found that the diffusion of ficoll in
cylindrical pore membranes followed the predictions of hydrodynamic theory almost exactly
(Bohrer et al., 1984; Davidson and Deen, 1988). This may be due to interactions between
fluorescein and the membranes.
A singe value of the ficoll sulfate charge density, 1.31 + 0.14x10-22 C/(g/mol), provided a
fit within the standard deviation of the diffusion results, as shown in Figure 4.2.
The total number of charges on each molecule calculated using the charge density was
significantly less than the number of sulfate groups per molecule, as shown in Figure 4.4. This
could be due to the use of the linearized Poisson-Boltzmann equation in the partitioning model.
Predictions made using the linearized Poisson-Boltzmann equation will be comparable to those of
the non-linear version when the electrical potential is below about 50 mV (Smith and Deen, 1983).
In the present study, this is valid at the pore wall but not at the surface of the highly anionic ficoll
sulfate. The linearized Poisson-Boltzmann equation will generally overestimate the strength of
electrostatic interactions in this case and lead to an underestimate of the solute charge density
(Hogg et al., 1966).
To evaluate how much the linearized Poisson-Boltzman model underestimates the charge
density, the free energy of different sized ficoll sulfate molecules in free solution was calculated
using both the linearized and full Poisson Boltzmann equation. Because the partition coefficients
are determined by the free energy of the solute and pore, the charge density that provides the same
solute free energy in the full equation as that in the linearized equation should be a good estimate of
the charge density which would be determined if a fully non-linear Poisson-Boltzmann partitioning
model were available. Though this may not provide the same results as would a fully non-
linearized solute-pore electrostatic interactions model, the method does indicate how much the
linearized Poisson-Boltzmann model underestimates the ficoll sulfate charge. The electrical
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Figure 4.4: Comparison of the number of charges to the number sulfate groups per ficoll sulfate
molecule for different radii. Linear model data are calculated from the best fit charge density,
1.31 ± 0.14x10-22 C/(g/mol), and the molecular volume. The charge density in the full
Poisson-Boltzmann equation that yielded a free energy equal to that of the linearized equation
was determined for the non-linear model curve.
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potential, e, and charge density, Cs, were expressed in dimensionless form as:
_F COT ,o = (7,8)RT' 2C,
where F is Faraday's constant, R is the ideal gas constant, T is the temperature,and Cs is the
concentration of fixed charges in the solute. The ionic strength, Ci, is the concentration of salt,
e.g. KC1, in the solution. The dimensionless radial coordinate, x, is obtained by dividing the
radius, r, by the Debye length A:
S 1/2
A f eRT (9)
2F2 C
where e is the solvent dielectric permittivity. The full Poisson-Boltzmann equation and the
linearized equation in spherical coordinates are then:
d2Y/ 2 dYNonlinear: + -- - sinh F = t, (10)
dx2  X dx
d2Yf 2 dYfLinear: + - - - = o (11)Linear: dx2  x dx
The concentration of fixed charges, co, is zero everywhere outside the sphere:
O(r)=o for r 5 rs  (12)
o(r)=O for r 2 rs (13)
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Where rs is the sphere radius. The boundary conditions specify that the potential gradient is zero
in the center of the sphere and the potential far from the sphere is zero:
d9Y(O)d - 0,dx T(OO) = 0 (14, 15)
The linearized equation can be solved analytically, as shown in equations 16 and 17, but the full
equation must be solved numerically.
a(x)= - 1- (1+ x,)ex six
x
Y(x) = co[(1 + x)sinh x, - xsex, e
x
for r 
_rS (16)
for r 2 rs (17)
In equations 16 and 17 x, is x evaluated at the sphere surface. The full Poisson-Boltzmann
equation was divided into a set of coupled differential equations and solved using fourth order
Runge-Kutta, as has been done previously (Wall and Berkowitz, 1957):
(18, 19)
(20)
dY
dy, 2y,
= sinh yo + 0dx x
These equations were solved by guessing the potential in the center of the sphere, '(0O), and
evaluating the potential far from the sphere to determine if the boundary conditions were met. The
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center potential was expected to be between a lower limit of zero and an upper limit of two times
the value predicted by the linearized Poisson-Boltzmann equation. These limits were arbitrarily
chosen so that they would encompass all possible center potentials and yielded convergence for all
conditions tested. The center potential ranged from one fifth to one times the linearized model
center potential in practice. The guessed center potential was taken as an average of these upper
and lower limit values. The potential was then calculated up to five Debye lengths from the sphere
surface in 1000 steps. If the potential far from the sphere was positive, the upper limit was
replaced by the present guess, and if it was negative far from the sphere, the lower limit was
replaced by the present guess. The upper and lower limits were then averaged to determine the
next center potential guess. The potential far from the sphere using this guess was closer to zero
than that using the previous guess. This procedure was repeated until the potential far from the
sphere was zero or the center potential had been determined to within 10-8, which corresponded to
10-5 to 10-7 percent error. The criteria for the zero potential far from the sphere was that the sum of
the potential and potential gradient for the final twenty steps from 4.9 to 5.0 Debye lengths from
the sphere surface was less then 0.001. The solution of the center potential was not changed when
calculations were performed up to ten Debye lengths from the sphere surface. The Fortran
subroutine used to determine the center potential that meets the boundary conditions of equations
14 and 15 is given in Appendix C.
The free energy can be calculated from the equation (Tanford, 1961):
G = fY'dVdo (21)
This integral can be evaluated analytically for the linearized Poisson-Boltzmann equation, as shown
in equation 22.
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G= 2  + (1+ x,)e-xs ((1- xs)e x' - (1+ xs)e-x')/2) (22)23
The free energy was calculated for ficoll sulfate molecules between 20 and 60 A radii using
equation 22 and the experimentally fitted ficoll sulfate charge density. In order to evaluate the
effect of using the linearized model on the ficoll sulfate charge density, the charge density that
yielded a free energy equal to that of the linearized Poisson-Boltzmann model was determined with
the full Poisson-Boltzmann model by numerical integration. Charge density was incrementally
increased from zero. The charge increment, dco, was the experimentally fitted ficoll sulfate charge
density divided by five hundred. After each increase in charge, the volumetric integral was
evaluated in five hundred radial steps from zero to the sphere surface. Charge was incrementally
added until the free energy was equal to that determined using the linearized Poisson-Boltzmann
potential. Simpson's rule was used for all integration. The integration and numerical solution
method were tested by numerically solving and integrating the linearized Poisson-Boltzmann
equation and comparing the results with the analytical solution. The analytical and numerical free
energy never differed by more than 0.2%.
As expected, the charge density determined by matching free energy with the full Poisson-
Boltzmann equation was higher than that determined using the linearized Poisson-Boltzmann
potential, as shown in Figure 4.4. The difference between the models is greater for large
molecules. This is because of the approximation in the linearized model that sinh W= . As
molecules become very large the electrostatic characteristics near the center resemble those of an
infinite slab. The potential near the center of the sphere will be constant and the first and second
derivatives of potential will be zero in both the full and linearized models. In this case, the
potential near the center of the sphere will be F= o in the linearized model and sinh W= o in the
non-linear model as is evident from equations 10 and 11. For a dimensionless charge density, co,
of 40, as was typical, the potential in the linearized model would be 40 and in the non-linear model
4.4. The high potential in the linearized model yields a high free energy. The charge density in the
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non-linear model that yields an equal free energy is then very high for large ficoll sulfate
molecules. For very small molecules the potential in the center of the sphere will be small due to
the influence of the surrounding fluid and there will be no difference between the linearized and full
Poisson-Boltzmann equations.
The number of charges per ficoll sulfate molecule was much lower than the number of
sulfates for most radii even after the correction, as shown in Figure 4.4. This could be due to the
effects of mobile salt cations in the solution which may effectively neutralize sulfate charge. Based
on observations of the convergence of the statistical-mechanical phase integral for charges
distributed along a line, Manning (1969) developed the theory of counterion condensation. If the
spacing between fixed line charges is less than a critical quantity, the Bjerrum length, than the
system becomes unstable and counterions condense on the line charges and neutralize them until
the spacing between acting charges becomes greater than the Bjerrum length. However,
Manning's theory was not developed through experimental observations and is still the subject of
controversy (Stigter, 1995).
The difficulties encountered in the diffusion experiments limit the usefulness of the inferred
ficoll sulfate charge density. Fluorescein, both free and when bound to ficoll or ficoll sulfate, was
found to interact with the membranes and significantly reduce hydraulic permeability. This could
lead to errors in the membrane charge and pore size, and interaction of fluorescently labeled ficoll
and ficoll sulfate with pore walls could reduce solute diffusivities. The experimental PKd results
did not exactly follow theoretical predictions for neutral ficoll as has been observed in two other
studies. Additionally, the ficoll sulfate charge density estimate was much lower than the number of
sulfur groups.
As an alternative approach, the ficoll sulfate charge density was assumed to be equal to the
density of sulfur groups calculated earlier. In order to use this charge density in models that utilize
a linearized version of the Poisson-Boltzman equation, an equivalent linearized-model charge
density was calculated. The potential in and around an isolated ficoll sulfate molecule with a
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charge density equal to the sulfur density was calculated using the full Poisson-Boltzman equation
by solving equations 18, 19 and 20 as described above. The free energy was then calculated using
equation 21. The charge density of an isolated sphere that would give the same free energy using
the linearized Poisson-Boltzman equation was then calculated analytically. The sulfur-based
charge density and the charge density for use in linearized models are given for molecular radii
between 20 and 80 Angstroms in Figure 4.5 and Table 4.4.
A model of the partitioning of a spherical anionic solute into a matrix of charged fibers has
been developed only for solid spheres with charge on their surface (Johnson and Deen, 1996).
The model is not applicable for solutes with charge distributed throughout their volume like ficoll
sulfate. An equivalent ficoll sulfate surface charge density to use in the partitioning model was
needed. Three methods were evaluated using the model of partitioning into a charged cylindrical
pore. The partition coefficient was calculated for ficoll sulfate using the linear model charge
densities shown in Table 4.4. The solid sphere partition coefficient was then calculated using
different methods of calculating an equivalent surface charge density and the partition coefficients
were compared. The method that predicted solid sphere partition coefficients comparable to the
porous sphere partition coefficients would be chosen because it most accurately represented the
behavior of ficoll sulfate in the cylindrical pore systems. Other physical systems could not be used
because models of porous and solid sphere partitioning have only been developed for cylindrical
pores.
The solid sphere charge density was calculated by assuming the number of charges on the
surface was equal to the number of charges distributed throughout the volume of the porous
sphere. The solid sphere charge density was also calculated so that the free energy of the isolated
sphere was equal to the free energy of the isolated porous sphere calculated using equation 21 and
23 (Tanford, 1961).
G = 2a()dA (23)25
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Figure 4.5: Ficoll sulfate sulfur-based charge density and charge density for use in linearized
Poisson-Boltzman models at 0.01, 0.05, 0.10 and 0.15 M ionic strength.
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sulfur-based and linearized model charge densities (C/m3)
rs(A) Sulfur Based Linearized, Linearized, Linearized, Linearized,
Charge 0.01 M Ionic 0.05 M Ionic 0.1 M Ionic 0.15 M Ionic
Density Strength Strength Strength Strength
20 1.23E+08 1.04E+08 1.08E+08 1.12E+08 1.14E+08
22 1.16E+08 9.65E+07 1.01E+08 1.05E+08 1.07E+08
24 1.11E+08 9.02E+07 9.48E+07 9.91E+07 1.02E+08
26 1.06E+08 8.36E+07 8.98E+07 9.43E+07 9.72E+07
28 1.02E+08 7.86E+07 8.54E+07 9.02E+07 9.32E+07
30 9.78E+07 7.38E+07 8.13E+07 8.66E+07 8.94E+07
32 9.44E+07 6.99E+07 7.80E+07 8.33E+07 8.63E+07
34 9.12E+07 6.61E+07 7.50E+07 8.04E+07 8.33E+07
36 8.83E+07 6.33E+07 7.23E+07 7.75E+07 8.07E+07
38 8.57E+07 6.06E+07 6.97E+07 7.52E+07 7.83E+07
40 8.32E+07 5.78E+07 6.76E+07 7.31E+07 7.61E+07
42 8.10E+07 5.57E+07 6.56E+07 7.12E+07 7.41E+07
44 7.89E+07 5.34E+07 6.36E+07 6.93E+07 7.22E+07
46 7.69E+07 5.16E+07 6.19E+07 6.77E+07 7.05E+07
48 7.51E+07 5.01E+07 6.04E+07 6.59E+07 6.89E+07
50 7.34E+07 4.83E+07 5.90E+07 6.45E+07 6.74E+07
52 7.18E+07 4.69E+07 5.76E+07 6.32E+07 6.60E+07
54 7.03E+07 4.55E+07 5.64E+07 6.19E+07 6.46E+07
56 6.89E+07 4.43E+07 5.52E+07 6.07E+07 6.34E+07
58 6.75E+07 4.30E+07 5.42E+07 5.95E+07 6.22E+07
60 6.63E+07 4.21E+07 5.31E+07 5.85E+07 6.11E+07
62 6.51E+07 4.11E+07 5.22E+07 5.74E+07 6.01E+07
64 6.39E+07 4.00E+07 5.12E+07 5.65E+07 5.91E+07
66 6.28E+07 3.92E+07 5.03E+07 5.56E+07 5.81E+07
68 6.18E+07 3.83E+07 4.95E+07 5.47E+07 5.72E+07
70 6.08E+07 3.76E+07 4.88E+07 5.39E+07 5.63E+07
72 5.98E+07 3.69E+07 4.81E+07 5.31E+07 5.54E+07
74 5.89E+07 3.61E+07 4.73E+07 5.23E+07 5.46E+07
76 5.80E+07 3.55E+07 4.67E+07 5.16E+07 5.37E+07
78 5.72E+07 3.49E+07 4.61E+07 5.09E+07 5.29E+07
80 5.64E+07 3.43E+07 4.55E+07 5.03E+07 5.19E+07
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Table 4.4: Ficoll sulfate
Where the dimensionless surface charge density, a, is related to the surface charge density qs by
the equation:
a = (24)
eRT
Both methods gave poor agreement between the solid and porous sphere partition coefficients in
charged cylindrical pores. The free energy matching method was only slightly better, despite its
numerical complexity. The Fortran subroutine used to calculate the partition coefficient of a
charged solid sphere in a charged cylindrical pore is given in Appendix B.
The solid sphere charge density was then calculated so that the solid and porous sphere
surface potentials were equal. The potentials around a porous sphere is described by equation 17.
The potential around a solid sphere is described by equation 25.
ox e(25)(xs + 1)e-x, x
which was derived by solving the linearized Poisson-Boltzman equation. The surface charge
density is calculated by setting the surface potentials, , in equations 17 and 25 equal at the sphere
surface, x=xs, and solving for a. This forces the solid and porous sphere potentials to be equal at
all points outside the sphere, x > xs, because both have the same x functionality. Equations 17 and
25 are both of the form AeX/x, where A is a constant that must be the same for the porous and
solid sphere cases if the potentials are equal at the surfaces or anywhere outside the spheres. This
method generally yielded good agreement between the solid and porous sphere partition
coefficients in charged cylindrical pores, as shown in Figure 4.6 for ionic strengths of 0.001, 0.01
and 0.1 M and for a pore radius five times the Debye length. The partition coefficient were equal
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Figure 4.6: Ratio of partition coefficients for a solid sphere, (s, and a porous sphere, Op, with
equal surface potentials into cylindrical pores with radii that are five times the Debye length.
The three numbers in the legend correspond to ionic strength (0.001, 0.01 and 0.1 M),
dimensionless solute charge co (25,100), and dimensionless pore wall charge density ac (1,4).
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to within 10% for a diversity of sphere and pore charge densities when the pores were large
compared to the solutes and compared to the Debye length. Agreement was good always when the
pore radii were at least a factor of 4 greater than the solute radii and at least a factor of 5 greater
than the Debye length. The method did not work well when the pore radius was equal to the
Debye length at the same conditions, shown in Figure 4.7. The dimensionless pore charge
density, ac,
ac = (26)ERT
where qc is the pore wall charge density in C/m 2, was allowed to vary from 1 to 4, which
corresponds to a charge density of 0.002 to 0.07 C/m2, which is the range typically encountered
for track-etch polycarbonate membranes (Deen and Smith, 1982; Lin and Deen, 1992). The solute
dimensionless charge density, co, was allowed to vary from 25 to 100, which corresponds to a
charge density of 4x10 6 to 2x10 9 C/m 3, which encompasses the range of highly anionic ficoll
sulfate. When the pore radii are comparable to the Debye length or the solute radii, the pore charge
and the solute charge interact strongly and the method does not work. The model of Johnson and
Deen (1996), where this surface charge density is expected to be used, is not expected to be valid
either for strong, close-range electrostatic interactions between charged solutes and charged fibers
so this is not expected to be a problem. All data plotted in Figure 4.6 are for the case where
electrostatic effects reduce the partition coefficient more than 10% compared to the purely steric
partition coefficient. When the pores are much larger than the Debye length or much larger than the
solute, electrostatic effects become negligible and a comparison of partition coefficients based on
different charge assumptions is not meaningful.
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Figure 4.7: Ratio of partition coefficients for a solid sphere, (Is, and a porous sphere, (Ip, with
equal surface potentials into cylindrical pores with radii that are equal to the Debye length. The
three numbers in the legend correspond to ionic strength (0.001, 0.01 and 0.1 M),
dimensionless solute charge co (25,100), and dimensionless pore wall charge density ac (1,4).
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4.4 Conclusions
An accurate ficoll sulfate charge density estimate was required to model electrostatic effects
in the GBM sieving study described in Chapter 3. The charge density of ficoll sulfate was
determined from measurements of its diffusion across track etched polycarbonate membranes
having negatively charged straight cylindrical pores. The charge density of ficoll sulfate was
determined by fitting the experimental data to a transport model that used a linearized version of the
Poisson-Boltzmann equation to describe the electrical potential. The effect of using the linearized
Poisson-Boltzmann equation was found to be relatively small by solving the full equation for an
isolated ficoll sulfate molecule. The number of charges per ficoll sulfate molecule was less than the
number of sulfate groups. Given this discrepancy and other indications of experimental problems,
the charge density was also determined from the sulfur content. In addition, it was determined that
electrostatic effects on the partitioning of solid and porous spheres are most similar when the solute
surface potentials are equal.
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Chapter 5. Modeling of GBM Permeability
5.1 Introduction
The GBM provides mechanical support for cellular attachment, migration and
differentiation and serves a critical role as a semipermeable membrane, passively regulating water
and solute transport. Models of the GBM are an important tool for studying the mechanisms of
these membrane functions. Permeability models can be used to infer membrane structural
characteristics from hydraulic permeability measurements and to predict the effects of structural,
chemical, and hemodynamic alterations on filtration rate and solute sieving.
The structural idealization that best represents the GBM in theoretical models is a matrix of
straight cylindrical fibers. The GBM is highly porous and is composed primarily of thick, rope-
like chains of triple helical collagen IV. It also contains thin glycosaminoglycan chains that are
attached to the protein subunits of heparan sulfate, laminin, entactin, and fibronectin, as described
in Chapter 1.
A model of the partitioning of macromolecules into fiber matrices was developed by Ogston
(1958). The probability of a solute residing inside arrays composed of identical straight cylindrical
fibers was evaluated based on steric effects. An expression for the partition coefficient was
developed by integrating this probability over all accessible positions. This model was later
extended by accounting for electrostatic effects using a linearized Poisson-Boltzman description of
the repulsive electrostatic interactions between charged cylindrical fibers and charged spherical
solutes (Johnson and Deen, 1996).
The hindered diffusion of macromolecules through random fibrous matrices was later
described by Ogston (1973) using a similar fiber matrix theory. The probability that molecular
diffusion would result in a collision with a fiber was calculated stochastically and it was assumed
that only movements that did not result in collisions occurred. The diffusivity was the ratio of the
free solution diffusivity to the limited diffusivity in the fiber matrix. Hydrodynamic effects on
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solute diffusivity were neglected.
The Ogston models of partitioning and diffusion have been used by Curry and Michel
(1980) to describe the protein permeability of frog mesenteric capillaries, and by Curry and Huxley
(1982) to describe the albumin permeability of frog mesenteric capillaries and mammalian
hindlimb, heart and lung capillaries. Robinson and Walton (1989) applied the Ogston partitioning
model to the protein permeability of rat GBM. The use of these models in describing capillary
permeability has been reviewed by Curry (1984).
Recent models of the hindered diffusion that account for hydrodynamic effects have been
more successful in predicting experimental results than the Ogston model. Phillips et al., (1989)
developed a model of hindered diffusion in fibrous matrices using an "effective medium"
approach. The heterogenous membrane structure was idealized as a homogenous medium by
averaging variables over a volume that is large in comparison to the membrane microstructure. The
Brinkman equation for flow in porous media was used to calculate the solute friction coefficient for
use in the Stokes-Einstein equation. This method was later extended to include the steric influence
of fibers on solute diffusion (Brady, 1994; Johnson et al., 1996). These models allow prediction
of solute diffusion in GBM using three membrane parameters: hydraulic permeability, void fraction
and fiber radius. The predictions of these models have agreed with experimental results for the
diffusion of proteins in hyaluronic acid (Phillips et al., 1989), proteins and ficoll in agarose
(Johnson et al., 1996), and proteins and poly-ethylene glycol in acrylamide (Tong and Anderson,
1996; Kapur et al., 1997) where the Ogston (1973) diffusion model tended to over-predict
experimental results.
Use of the Brinkman equation in diffusion models makes accurate assessment of membrane
hydraulic permeability crucial for modeling. Membrane hydraulic permeabilities can be calculated
based on structural characteristics using a variety of models and can be measured experimentally.
Two new measurements of the hydraulic permeability of isolated rat GBM have recently been
made, that of Edwards et al. (1997) and the measurement described in Chapter 3.
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In this study the applicability of current water and solute membrane permeability models to
fibrous biological membranes was evaluated by comparing model predictions to previous
experimental results for isolated rat GBM.
5.2 Models
Hydraulic Permeability
The Darcy permeability was calculated to be 1.15 nm2 from the hydraulic permeability and
membrane thickness given in Chapter 3. This was comparable to the value of 0.82 nm 2 measured
by Edwards et al. (1997) at the same pressure and the value of 1.62 nm2 determined from the 10-
12 kPa data in Table 1 of Robinson and Walton (1989). The four single-fiber water flow models
given below were used to calculate combinations of GBM solid fraction, 0, and fiber radius, rf,
that predicted a 1.15 nm 2 Darcy permeability. Solid fractions were iteratively determined for fiber
radii between 0 and 5 nm using the first three relations, and were determined explicitly in the fourth
equation from Spielman and Goren (1968). The GBM void fraction was calculated as 1-0.
The Carman-Kozeny equation for flow in porous media, as reviewed by Happel and
Brenner (1983), was developed for, and is applicable for, low porosity solids with a less than
eighty percent void. It has been used by Curry and Michel (1980) and in a modified form by
Weinbaum et al. (1992) to describe flow in frog mesenteric capillaries. Robinson and Walton
(1989) applied the Carman-Kozeny equation to water flow in the glomerular basement membrane
(GBM) of rats using the relation:
__ ( 1 - ) (1)
ri 202
The form of the Carman-Kozeny equation presented above was applied to GBM data in this study.
Jackson and James (1986) modeled the hydraulic permeability of a random fibrous
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membrane using a cubic array of cylindrical rods. The resistance to flow was the sum of that due
to the rods aligned parallel and perpendicular to the direction of flow (Equation 16):
c 3
= 3(-ln0-0.931) (2)
r 200
Palassini and Remuzzi (1998) proposed a model of GBM Darcy permeability by simulating
Stokes flow through cylindrical rods arranged in a repeating tetrahedral array using a Galerkin
finite element method. It was hypothesized that this was a better representation of the fiber
arrangement in the GBM than the representations of Jackson and James (1986) and Spielman and
Goren (1968), described below. Their results were fit to a correlation (their Equation 17):
2.382
S= 0.05539 (-ln) 2 2  (4)
2 0.7275
Spielman and Goren (1968) modelled the permeability of a three dimensional assembly of
randomly oriented cylinders. The drag caused by the individual cylinders was calculated using a
Brinkman model of the resistance of central and neighboring fibers. The total drag was then
related to the Darcy permeability (their Equation 41'):
14 rf (4)
~33r r
Recently, Clague and Phillips (1997) modeled the hydraulic permeability composed of one,
two and many fiber types by applying a numerical version of slender body theory to a cubic cell
that is large compared to the Brinkman screening length. A formula relating Darcy permeability to
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membrane fiber radius and void fraction was not provided. However, the numerical results for
single fiber membranes closely agreed with the predictions of Jackson and James (1986) for a wide
range of experimental parameters. It is likely the predictions of GBM permeability made using this
model would be comparable to predictions of the Jackson and James (1986) model given in
equation 2.
The average space between adjacent GBM fibers was calculated for the combinations of
void fraction and fiber radius. The average surface-to-surface distance between fibers arranged in
a repeating hexagonal structure, L, was calculated using the equation:
2.t2 )2 (5)
L= ( ) -2r
which was derived from looking at the perpendicular cross section of an assembly of straight
cylindrical fibers evenly spaced in a hexagonal pattern.
Three models that assumed membranes are composed of two differently sized fibers were
used to calculate the Darcy permeability. Ethier (1991) generated a model that assumed membranes
contained small radius 'fine' fibers embedded in a repeating array of 'coarse' fibers. The fine
fibers were idealized as a homogenous Brinkman medium and velocity profiles between the coarse
fibers were calculated. The permeability of the fine fibers was calculated using the relation of
Jackson and James (1986) given in equation 4. The mean velocity was then related to the mean
pressure gradient to determine the permeability. The permeability was calculated in the present
study using Ethier's equations 24, 40 and 46.
Hydraulic permeabilities of membranes composed of randomly distributed fibers were
calculated using a numerical version of slender body theory by Clague and Phillips (1997).
Equations 5 and 20 were used in this study for calculation of the hydraulic permeability of
membranes composed of two fiber types by adding the resistances of the coarse and fine fibers.
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Huang et al. (1994) proposed a heterogenous fiber matrix theory to describe the Darcy
permeability of subendothelial arterial intima. The Darcy permeability was hypothesized to depend
on the presence of thick collagen fibers and thin proteoglycan fibers. The total membrane
resistance was the sum of the resistances of the thin and thick fibers. Their equations 1 and 6 were
used in this study for calculation of the hydraulic permeability of membranes composed of two
fiber types.
Modeling of Macromolecular Sieving
The permeation of the macromolecules ficoll and ficoll sulfate across the GBM was
modeled as follows. The macromolecular sieving coefficient, 0, is given by the equation:
= Kc (6)1 - (1 - Kc ) exp(-Pe)
Pe = ( Kc)v3 (7)(cKd )D.
where Pe is the membrane Peclet number, 8 is the membrane thickness, v is the superficial
velocity of the filtrate (i.e., the volume flux), 0 is the partition coefficient, Kc is the convective
hindrance factor, and Kd is the diffusive hindrance factor (Edwards et al., 1997).
The partition coefficient, ,' was determined for ficoll using Ogston's (1958) partitioning
model.
c = exp(-f) (8)
f = 1 + r> (9)
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Electrostatic effects on the partitioning of ficoll sulfate were accounted for using the model of
Johnson and Deen (1996). The partition coefficient, P, was calculated using their equations 4,
15, and 18. The ficoll sulfate surface charge density was calculated as was described in Chapter 4.
The GBM charge density was assumed to be 12 meq/L of wet GBM (Bray and Robinson, 1984).
The model predictions were not markedly different when a GBM charge of 8 meq/1 (Comper et al.,
1993) was assumed. The Fortran subroutine used to calculate the partition coefficient of a charged
solid sphere in a charged fibrous matrix is given in appendix D.
The diffusive hindrance factor, Kd, was calculated using the model of Johnson et al. (1996)
that combined the hydrodynamic resistance of an effective medium, F, with the steric effects of
membrane fibers, S.
D
Where F, S, andf are give by:
F(r; ) = 1 + (r, / ) + (r / ) (11)
S(f) = exp(-0.84f'09) (12)
Equation 10 differs from that of Johnson et al. (1996)which used a factor of 1/3 instead of 1/9.
This is due to a correction in the solution of the Brinkman equation made by Solomentsev and
Anderson (1996). Other models assumed that the hindered diffusivity is equal to only the
hydrodynamic factor F (Phillips et al., 1989; Tong and Anderson, 1996; Kapur et al., 1997).
Theoretical models of convective hindrance coefficients have been developed for solute flux
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through straight cylindrical pores (Deen, 1987). However, no theory has been developed for
fibrous membranes such as the GBM. This parameter is expected to decrease rapidly with
increasing molecular radius. Accordingly, the convective hindrance coefficient was fit to an
exponential declining with solute radius,
Kc = exp(-Ar) (13)
where A is an empirical constant, using the sieving data for neutral ficoll with 20 rs  50 A,
without BSA, using Powell's method.
5.3 Results and Discussion
The literature studies of the structure of GBM described in Chapter 1 were used to
determined the most accurate parameters to use as model inputs. The studies used to determined
the GBM fiber radius and fiber spacing are shown in Table 5.1.
Table 5.1: Literature values of GBM fiber radius and fiber spacing.
GBM Fiber Radius (nm) Fiber Spacing (nm)
Laurie et al. (1984) 1-4 15-30 (LR), 3-20 (LD)
Kubosawa and Kondo (1985) 2.5-4 20-25 (LD)
Takami et al. (1991) 3-5 (LD) 13-17 (LD)
Moriya et al. (1995) 5 20 (LD)
Shirato et al. (1991) 2.5-5.5 11-32 (LR)
Average 3.5 12-24
LD = Lamina Densa, LR = Lamina Rara
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All combinations of GBM void fraction and fiber radius that predicted a 1.15 nm2 Darcy
permeability were calculated and are plotted in Figure 5.1. The curves of void fraction as a
function of GBM fiber radius are comparable for the four models. However, the experimentally
measured GBM void fraction of 0.9 (Robinson and Walton, 1987) corresponds to a GBM fiber
radius of less than 1 nm for all models. The GBM fiber radius has typically been measured to be
about 3.5 nm, as shown in Table 5.1, which corresponds to a void fraction of less than 0.7 for all
single-fiber models. It is unlikely that 30% of the volume of the GBM is fibers. This is far higher
than the 7-10% measured by Robinson and Walton (1987) and Comper et al. (1993). The model
predictions are comparable using a GBM Darcy permeability of 0.82 nm 2 (Edwards et al., 1996)
and 1.62 nm2 (Robinson and Walton, 1989), as shown in Figure 5.2 for the model of Jackson and
James (1986).
It is unlikely that the in-vitro GBM was compressed to 30% fiber volume during the
filtration experiments. Walton et al. (1992) used a filtration cell with a phase contrast microscope
and observed the effect of pressure on the thickness of a membrane prepared using pig GBM.
Using their results, the rat GBM preparation is expected to be compressed less than 6% at the 60
mmHg operating pressure. The rat GBM was initially compressed to 1500 mmHg to consolidate
the membranes but it is not likely that this caused irreversible compression. Daniels et al. (1992)
found that repeatedly alternating the applied pressure between 50 and 1500 mmHg did not affect
the hydraulic permeability of the in-vitro rat GBM. In addition, pig GBM elastically returned to its
original thickness after pressures of up to 1200 mmHg were applied (Robinson and Walton,
1989).
The GBM fiber spacing that correspond to the combinations of GBM void fraction and
fiber radius that predicted the 1.15 nm2 Darcy permeability are plotted in Figure 5.3. The predicted
fiber spacing is far below the 12-24 nm average measured range for the four single-fiber models
over the entire range of fiber radii. This further illustrates the inability of the single-fiber water
flow models to predict the hydraulic characteristics of the GBM. The void fraction, illustrated in
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Figure 5.1, and fiber spacing, illustrated in Figure 5.3, that adequately predict the water flow
results with realistic values of the GBM fiber radius are far lower than those typically measured in
the literature. These results indicate that, although the single-fiber models have been used to
accurately predict the hydraulic permeability of a variety of fibrous media (Jackson and James,
1986), they are not applicable to water flow in GBM. This conclusion is the same using two of the
other GBM hydraulic permeability values in the literature (Edwards et al., 1997; Robinson and
Walton, 1989).
The three two-fiber water flow models predicted GBM hydraulic permeabilities that were
comparable to the experimental measurements for a wide range of fine fiber/total fiber ratios: 0.30
to 1, as shown in Figure 5.4. The GBM was idealized as having coarse fibers with a radius of 3.5
nm, and fine fibers with a radius of 0.5 nm. A radius of 0.5 nm was measured for films made of
hyaluronic acid using x-ray diffraction analysis (Dea, et al., 1973). Hyaluronic acid is believed to
be comparable to the glycosaminoglycan chains of the GBM, which have an estimated radius of
0.6 nm (Huang et al., 1994 ). A composite proteoglycan fiber radius r* of 0.5 nm was assumed in
the Huang et al. (1994) model. The total volume of fibers was fixed at the literature value of 10%
of the total GBM volume (Robinson and Walton, 1987). The ratio of fine fiber volume to total
fiber volume was increased from zero to one and the Darcy permeability was calculated. The
fine/coarse fiber radius ratio is somewhat outside what is typically used in the models. The model
of Ethier (1991) assumed that the fine fiber were much smaller than the coarse fibers and the
Clague and Phillips (1997) model assumed that the coarse and fine fibers were the same size to
within a factor of about three.
Though adding an adjustable parameter, in this case the ratio of fine to coarse fibers, will
improve the predictions of any model, it is likely that the two fiber theory is more accurate because
it is a physically representative model of the GBM structure. As discussed in Chapter 1, the GBM
is composed primarily of thick, rope-like chains of triple helical collagen IV approximately 2.5 to 7
nm in diameter (Yurchenko and O'rear, 1993), but also contains thin glycosaminoglycan chains
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Figure 5.1: Combinations of assumed GBM void fraction and fiber radius that predicted a
1.15 nm 2 Darcy permeability using the four single fiber water flow models shown in
equations 1-4. The models were: Palassini and Remuzzi (1998), Spielman and Goren
(1968), Jackson and James (1986), and Carman-Kozeny (Robinson and Walton, 1989). The
dashed lines correspond to fiber radius and void fraction values typically measured in the
literature.
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Figure 5.2: Combinations of assumed GBM void fraction and fiber radius that predicted a 0.82
nm2 (Edwards et al., 1996) and a 1.62 nm2 (Robinson and Walton, 1989) Darcy permeability
using the water flow model of Jackson and James (1986) shown in equations 3. The dashed
lines correspond to fiber radius and void fraction values typically measured in the literature.
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Figure 5.3: GBM fiber spacing calculated for the combinations of GBM void fraction and
fiber radius plotted in figure 5.1. Average surface-to-surface fiber spacing was calculated
assuming a repeating hexagonal structure using equation 5. The shaded region correspond to
the range of fiber spacing typically measured in the literature.
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Figure 5.4: Comparison of the GBM Darcy permeability predicted by three models that
assume membranes are composed of two fiber sizes to three experimental measurements.
The total volume of fibers was fixed at the literature value of 10% of the total GBM volume.
The ratio of fine fiber volume to total fiber volume (Ofine/total) was increased from zero to
one. The coarse fiber radius was 3.5 nm and the fine fiber radius was 0.5 nm. The models
used were: Ethier (1991), Clague and Phillips (1997) and Huang et al. (1994). The
experimental values are, 1.62 nm2 (Robinson and Walton, 1989), 0.82 nm 2 (Edwards et
al., 1997), and the measurement described in Chapter 3, 1.15 nm2. The error bars are the
experimental SE.
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that are attached to the protein subunits of heparan sulfate, laminin, entactin, and fibronectin that
may not be visible in electron micrographs. These results agree with Edwards et al. (1997), who
found that the Ethier (1991) dual fiber water flow model accurately predicted the hydraulic
permeability of rat GBM and the Jackson and James (1986) single fiber model did not.
The Darcy permeability predicted by the two-fiber models is largely determined by the fine
fibers, as a significant reduction of hydraulic permeability is caused by the addition of a small
amount of fine fibers. This agrees with Curry (1986) who hypothesized that a matrix of fine fibers
largely determines the hydraulic permeability of a variety of capillaries.
Ficoll sieving data without BSA was corrected for the effects of transport through shunts as
described in Section 3.3 and fit using different combinations of assumed GBM fiber radius and
void fraction. The convective hindrance coefficient was fit to an exponential declining with solute
radius. The fit was very poor using the experimentally measured void fraction, 0.9, and the
average measured fiber radius, 3.5 nm. The root-mean-squared (RMS) error is given by the
equation,
RMS= (i) i(i)- 1)2 /(n - l) (14)
where Op(i) is the predicted ficoll sieving coefficient, 0 Fic(i) is the actual ficoll sieving coefficient,
and n is the number of sieving coefficient-molecular radius combinations. In this case there were
17 sieving coefficients values which corresponded to ficoll with radii between 20 and 50 A. The
RMS error exceeded 200% using a void fraction of 0.9 and a fiber radius of 3.5 nm. The diffusive
lag coefficient, Kd, was 100 to 100,000 times larger than the convective lag coefficient, Kc. This
is unusual because the diffusive lag coefficient is essentially always predicted to be slightly smaller
than the convective lag coefficient in straight cylindrical pores (Deen, 1987). The poor fit was not
surprising because a void fraction of 0.9 and a fiber radius of 3.5 nm did not predict realistic water
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permeabilities using the single fiber theories. The ficoll data was fit using the two combinations of
parameters that provided an accurate GBM hydraulic permeability using the equation from Jackson
and James (1986). When the void fraction was 0.9 the fiber radius was assumed to be 0.75 nm.
When the fiber radius was 3.5 nm the void fraction was assumed to be 0.68. The first
combination, 0.9 and 0.75 nm, yielded a poor fit of the ficoll data. The RMS error exceeded 70%
and the diffusive lag coefficient, Kd, was typically about 1000 times lower than the convective lag
coefficient, Kc . The fit was only slightly better, 60% RMS error, when the diffusive hindrance
coefficient were calculated without the steric factor, as has been done previously (Phillips et al.,
1989; Tong and Anderson, 1996; Kapur et al., 1997). The second combination of parameters,
0.68 and 3.5 nm, yielded a good fit of the ficoll data, as shown in Figure 5.5. The RMS error was
5% and the diffusive and convective lag coefficients were physically realistic. The convective lag
coefficient exceeded the diffusive lag by a factor of about 10. The exponential coefficient, A, in
equation 13 that provided the best fit of the ficoll sieving data was 0.03486. These results indicate
that water and macromolecular transport across the GBM can be accurately modelled using single
fiber theories with a single combination of assumed GBM fiber radius and void fraction.
However, a single-fiber system is not an appropriate idealization of the GBM and the void fraction
used in the models, 0.68, is unrealistically low.
The effect of charge on the sieving of ficoll sulfate across GBM was modeled and the
predictions were compared to the experimental results. A GBM fiber radius of 3.5 nm and a void
fraction of 0.68 were used because of the agreement with water flow and ficoll sieving results.
When the buffer ionic strength was 0.15 M, the sieving of ficoll sulfate was predicted to be lower
than the sieving of ficoll, as shown in Figure 5.6. The best fit of the ficoll sieving data, shown in
Figure 5.5 is also shown in Figure 5.6. No significant difference between the sieving of ficoll and
ficoll sulfate at 0.15 M ionic strength was observed experimentally, in contrast with what is shown
in Figure 5.6.
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Figure 5.5: Comparison of ficoll sieving data in GBM to the theoretical model fit. The GBM
void fraction and fiber radius were assumed to be 0.68 and 3.5 nm, respectively. The
convective lag coefficient, Kc,was fit to an exponential declining in solute radius. The error
bars are the experimental SE.
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Figure 5.6: Comparison of the predicted and observed effect of charge on the sieving of ficoll
sulfate in GBM at physiological, 0.15 M, ionic strength. The GBM void fraction and fiber
radius were assumed to be 0.68 and 3.5 nm. The best fit of the ficoll sieving data from Figure
5.5 is shown.
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The sieving of ficoll sulfate is predicted to be dramatically lower than the sieving of ficoll at
0.01 M ionic strength, as shown in Figure 5.7. The experimental ficoll sulfate curve is the fitted
ficoll curve multiplied by the experimental ficoll sulfate/ficoll sieving coefficient ratio. A
significant difference between the ficoll and ficoll sulfate data was observed experimentally, but not
of such a large magnitude as the model predicts. It is hypothesized that the unrealistic assumption
that the GBM consists of a single fiber type prevents quantitatively accurate model predictions.
Though the model is the most structurally detailed to date, an accurate GBM charge density value
cannot be obtained by fitting the model to the ficoll sulfate sieving results, as was originally
intended.
A two-fiber theory for the diffusive hindrance factor has recently been developed for a
limited range of membrane void fraction (Clague and Phillips, 1996). The diffusion of
macromolecules in fibrous matrices was modeled using a highly detailed description of membrane
microstructure. The hydrodynamic interaction between a solute, described as a point singularity,
and a random array of fibers, was calculated using a numerical version of slender body theory.
However simulations were only performed for fiber volume fractions of below 6% and are not
applicable to the GBM. Extension of this model to membranes with the fiber density of the GBM
would allow more accurate calculation of diffusive hindrance coefficients. No two-fiber theory has
been developed for macromolecular partitioning based on size and charge effects. It is likely dual
fiber partitioning, diffusion and convection models would provide accurate macromolecular sieving
predictions. GBM structural and charge characteristics could then be inferred from ficoll and ficoll
sulfate sieving data.
In conclusion, the applicability of a number of theoretical models to glomerular basement
membrane (GBM) permeability data was evaluated. Water flow models that assumed the GBM
was composed of a single fiber size did not accurately predict hydraulic permeabilities. It is
unlikely alternative fiber arrangements, such as the tetrahedral array in the model of Palassini and
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Figure 5.7: Comparison of the predicted and observed effect of charge on the sieving of ficoll
sulfate in GBM at low, 0.01 M, ionic strength. The GBM void fraction and fiber radius were
assumed to be 0.68 and 3.5 nm, respectively. The best fit of the ficoll sieving data from
Figure 5.5 is shown. The ficoll sulfate data curve is the fitted ficoll curve multiplied by the
experimental ficoll sulfate/ficoll sieving coefficient ratio.
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Remuzzi (1998), would improve the predictions of the single fiber models. Three models that
assumed the GBM was composed of two fiber sizes accurately predicted the hydraulic permeability
for a range of small/large fiber volume ratios. It is proposed that these models are superior because
they account for the heterogeneity of the fibers that make up the GBM. Single fiber models of
partitioning and diffusion did not accurately predict ficoll and ficoll sulfate sieving coefficients in
GBM. Dual-fiber macromolecular permeability theories must be developed in order to make
accurate predictions of GBM data. Dual-fiber theories of hindered diffusion have been developed
but simulations have not yet been performed for systems with the fiber density of the GBM. Dual-
fiber theories of hindered convection and partitioning are not presently available but would allow
the creation of a useful model of GBM macromolecular permeability. Such a model could be used
for inference of membrane structural characteristics from permeability measurements and would
allow prediction of the effects of glomerular changes.
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Appendices
Appendix A. Fortran subroutine used to calculate the partition coefficient of a
charged porous sphere in a charged cylindrical pore
calculate partition coefficients t=tau
ac=alphac, r=cylil29nder radius A,
fct is the functino in the integral, r
Glen Bolton 5/98
FUNCTION XPHIPOUR(xrs,rp,qv,ci,qc)
double precision delx, b, a ,t , as, ac,$, r,qs, qc, dG(1000),fct(1000),z ,m,
$ ,tau,eps,temp$,xrs,rp,qv,ci
integer n,o,p,u,v,w , FACx
nm, b=beta, a=alpha, as=alphas
ci=cinfinity of electrolyte mol
= pore radius nm
Ix, Kx,Lx, step
part, pi
r=rp/10.
c print*, 'xrs=',xrs,'rp',rp,'qv',qv,'ci',ci
a=xrs/10/r
temp=298.
eps=78.3*8.854e-12
tau=rp*1 e-1 0*(ci*2*1 000.*96500.**2/(8.314*temp*eps))**.5
c qc=0.025*tau*lx(1 ,tau)/Ix(0,tau)*eps/(rp*1 e-10)
c qc=.01
print*,xqc,qc,tau,Ix(1 ,tau),Ix(0,tau)
pi=3.1415927
t=3.228*r*ci**.5
as=56.2*r*qs
ac=56.2*r*qc
xw=56.2e-9*r**2*qv
w=1
step=.005
do 5, m=0, 1-a,step
b=m
dG (w)=2.*pi*a* (exp(t*a)-exp(-t*a))* Lx(t*a)/(t**2)*
$(Ix(0,t*b)*ac/(t*Ix(1,t))+a*(exp(t*a)-exp(-t a))*
$ Lx(t a)/(pi*t**2)*$delx(t,b)*xw)*xw
fct(w)=2.*b*exp(-.1156*r*dG(w))
w=w+1
5 continue
C NUMERICALLY INTEGERATE TO COMPUTE THE PARTITION COEFFICIENT
p=1
part=0
do 10 o=0, INT((1.-a)/(2*step))
part=part+step/3. (fct(p)+4.*fct(p+1 )+fct(p+2))
p=p+2
10 continue
25 CONTINUE
29 continue
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30 CONTINUE
c 111 format(f7.3,f7.3,f7.3,fl 5.3,f9.3)
xphipour=part
return
end
DOUBLE PRECISION FUNCTION DELX(t,b)
double precision t,b, Kx, Ix, Lx, part, pi
integer FACx, n
pi=3.14159
IF (b.EQ.0)THEN
delx=pi/2.*Ix(0,t*b)**2.*
$(t*Kx(1, 2.*t)+.75*Kx(0,2.*t))
GOTO 30
ENDIF
n=0
delx=0.
10 part=pi/2.*Ix(0,t*b)*b**n*FACx(2*n)/
$ (2**(3*n)*FACx(n)**2)*Ix(n,t*b)*
$(t*Kx(n+l, 2.*t)+.75 Kx(n,2.*t))
delx=delx+part
IF (part/delx.LT.0.0001)THEN
GOTO 30
ELSE
n=n+l
GOTO 10
ENDIF
30 CONTINUE
return
end
DOUBLE PRECISION FUNCTION Lx(X)
double precision X
IF (X.EQ.0)THEN
Lx=0
ELSE
Lx=1/TANH(X)-1/X
ENDIF
RETURN
END
INTEGER FUNCTION FACx(N)
INTEGER N,M
M=0
FACx=1
10 IF(N-M.GT.0)THEN
FACx=FACx*(N-M)
M=M+1
GOTO 10
ELSE
GOTO 100
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ENDIF
100 RETURN
END
DOUBLE PRECISION FUNCTION Ix(n,x)double precision x, bessi0, bessil, bessi
integer n
IF (n.EQ.0)THEN
Ix= bessi0(x)
GOTO 100
ENDIF
IF (n.EQ.1)THEN
Ix= bessil (x)
GOTO 100
ENDIF
IF (n.GT.1)THEN
Ix= bessi(n,x)
GOTO 100
ENDIF
100 RETURN
END
double precision FUNCTION Kx(n,x)
double precision x, bessk0, besskl,bessk
integer n
IF (n.EQ.0)THEN
Kx= bessk0(x)
GOTO 100
ENDIF
IF (n.EQ.1)THEN
Kx= besskl(x)
GOTO 100
ENDIF
IF (n.GT.1)THEN
Kx= bessk(n,x)
GOTO 100
ENDIF
100 RETURN
END
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Appendix B. Fortran subroutine used to calculate the partition coefficient of a
charged solid sphere in a charged cylindrical pore
C calculate partition coefficients t=tau nm, b=beta, a=alpha, as=alphas
C ac=alphac, r=cylil29nder radius A, ci=cinfinity of electrolyte mol
C fct is the functino in the integral, r = pore radius nm
C Glen Bolton 5/98
FUNCTION XPHI(xrs,rp,qs,ci,qc)
double precision del, b, a ,t , as, ac, I, K,L, step
$, r, qc, dG(1000),fct(1000),z,m, part, pi
$ ,tau,eps,temp
$,xrs,rp,qs,ci
integer n,o,p,u,v,w ,FAC
r=rp/l 0.
c print*, 'xrs=',xrs,'rp',rp,'qs',qs
a=xrs/1l ./r
temp=298.
eps=78.3*8.854e-12
tau=rp*1 e-1 0*(ci*2*1 000.*96500.**2/(8.314*temp*eps))**.5
c qc=0.025*tau*I(1 ,tau)/I(0,tau)*eps/(rp*1 e-1 0)
c qc=.01
pi=3.1415927
t=3.228*r*ci**.5
as=56.2*r*qs
ac=56.2*r*qc
c print*,qc,xrs,rp,qs,ci
w=1
step=.005
do 5, m=0, 1-a,step
b=m
dG (w)=((8.*pi*t*a**4.*exp(t*a)/
$ (1.+t*a) *2.)*del(t,b)*as *2.+$ (4.*pi**2.*a**2.*I(0,t*b)/((l.+t*a)*l(1 ,t)))*as*ac+
$ (pi*I(0,t*b)/(t*(1 ,t)))**2.*$ ((exp(t*a)-exp(-t a))*t*a*L(t*a)/(1.+t*a))*ac**2.)/
$ (pi*t*exp(-t*a)-2.*(exp(t*a)-exp(-t*a))*t*a*L(t*a)$ *del t,b)/(l.+t*a))
fct(w)= 2 .*b*exp(-.1 156*r*dG(w))
w=w+1
5 continue
C NUMERICALLY INTEGERATE TO COMPUTE THE PARTITION COEFFICIENT
p=1
part=0
do 10 o=0, INT((1.-a)/(2*step))
part=part+step/3.*(fct(p)+4.*fct(p+1 )+fct(p+2))
p=p+2
10 continue
25 CONTINUE
c z=-qs*6.022e23*4*3.141 *(xrs*1 e-1 0)**2/96500
c calculate pore and sphere surface potentials in volts r=8.314 c.v/mol.k
c xpsis=a*as/(1 +t*a)*8.31 4*298/9.65e4
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c xpsic=ac*I (0, t)/(t*I(1 ,t))*8.314*298/9.65e4
29 continue
30 CONTINUE
xphi=part
return
end
DOUBLE PRECISION FUNCTION DEL(t,b)
double precision t,b, K, I, L, part, pi
integer FAC, n
pi=3.14159
IF (b.EQ.0)THEN
del=pi/2.*I(0,t*b)**2.*
$(t*K(1, 2.*t)+.75*K(0,2.*t))
GOTO 30
ENDIF
n=0
del=0.
10 part=pi/2.*I(0,t*b)*b**n*FAC(2*n)/
$ (2**(3*n)*FAC(n)**2)*I(n,t*b)*
$(t*K(n+l, 2.*t)+.75*K(n,2.*t))
del=del+part
IF (part/del.LT.0.001 )THEN
GOTO 30
ELSE
n=n+l
GOTO 10
ENDIF
30 CONTINUE
return
end
DOUBLE PRECISION FUNCTION L(X)
double precision X
IF (X.EQ.0)THEN
L=0
ELSE
L=1/TANH(X)-1/X
ENDIF
RETURN
END
INTEGER FUNCTION FAC(N)
INTEGER N,M
M=0
FAC=1
10 IF(N-M.GT.0)THEN
AC=FAC*(N-M)
M=M+1
GOTO 10
ELSE
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GOTO 100
ENDIF
100 RETURN
END
DOUBLE PRECISION FUNCTION I(n,x)
double precision x, bessi0, bessil, bessi
integer n
IF (n.EQ.0)THEN
I= bessi0(x)
GOTO 100
ENDIF
IF (n.EQ.1)THEN
I= bessil(x)
GOTO 100
ENDIF
IF (n.GT.1)THEN
I= bessi(n,x)
GOTO 100
ENDIF
100 RETURN
END
double precision FUNCTION K(n,x)
double precision x, bessk0, besskl,bessk
integer n
IF (n.EQ.0)THEN
K= bessk0(x)
GOTO 100
ENDIF
IF (n.EQ.1)THEN
K= besskl(x)
GOTO 100
ENDIF
IF (n.GT.1)THEN
K= bessk(n,x)
GOTO 100
ENDIF
100 RETURN
END
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Appendix C. Fortran subroutine used to determine the electrostatic potential in the
center of a charged porous sphere, based on the boundary conditions given in
equations 4.14 and 4.15
c Fortran subroutine used to determine the electrostatic potential in the
c center of a charged porous sphere
c Glen Bolton 5/98
double precision x,h,y(4),yout(4),tot,xqo,xqv,tot2,charint,
$ dydx(5),xkap,charlin(1 00000),charnon(120000), radialint(1 20000)
$,radiallin(120000),tot3 ,tot4,xrs(100),fsqv(l00),xlinchar(120000)
$, xlinfree(12000),xlinqv(1 2000),xci(20),$ xlinsurf(12000),xsurffree(12000),xqs(12000),surfz(12000)
INTEGER M,K,I,L,Istep,lk
common xs,char
temp=298.
OPEN (25, FILE='dataout3', STATUS='UNKNOWN')
c file fs85.txt contains the ficoll suflate radius A and volume charge
c density c/m3
open(unit=l ,file='fs85.txt',status='old')
do 100 i=1,31
read(1 ,*)xrs(i),fsqv(i)
100 continue
print*,'rs,z,zlin,qv,qvlin,qs,surfz, ci'
xci (1 )=0.01
xci (2)=0.05
xci (3)=0.1
xci (4) =0.15
do 60, k=4,4
1=1
k=O
3 continue
ci=xci(lk)
eps=78.3*8.854e-12
xkap=(ci*2*1 000.*96500.**2/(8.314*temp*eps))**.5
xqv=fsqv(l)
rs=xrs(l)
cs=xqv/96500./1000.
char=cs/(2.*ci)
xs=rs*l.e-10*xkap
h=.005
M=2
x=O.
tot=0.
c calc free energy of linear sphere
c freelin2=-char**2/2.* 4.*3.141* (1./3.*xs**3.
c $ +(l.+xs)*exp(-xs)*((l.-xs)*exp(xs)-(l.+xs)*exp(-xs))/2.)
char=0.
Istep=500
do 20 j=0,Istep
157
charint=cs/(2.*ci)/Istep
char=char+charint
call qofind(char,rs,xs,xqo)
y(1)=xqo
x=O.
ALL DERIVS (x,y,dydx)
do 10 i=0, int(xs/h)
charnon(i)=y(1) x**2.
c print*,'charnon,i,x',charnon(i),i,x
CALL rk4 (y, dydx, M, x, h, yout, DERIVS)
C MODIFY THE DERIVATIVE FOR THE NEW CP AND Y
CALL DERIVS (x+h, yout, dydx)
x= x+h
y(1)=yout(1)
10 =2)out2)
10 NTINUE
Call integrate(charnon,h,xs,tot)
radialint(j)=tot*4.*3.141
call integrate (radialint,charint,char,tot2)
c print*,-char**2/2.*4.*3.141 *(1 ./3.*xs**3.
c $ +(l.+xs)*exp(-xs)*((1.-xs)*exp(xs)-(l.+xs)*exp(-xs))/2.)
c $,tot2 ,j
20 continue
30 continue
xlincharI,)=(-tot2*2/(4.*3.141 *(1./3.*xs**3.
$+(l.+xs) exp(-xs)*((1.-xs)*exp xs)-(l.+xs)*exp(-xs))/2.)))**0.5
xlinfree(I)=-xlinchar(I)**2/2.*4.*3.141*(1./3.*xs**3.$+(1.+xs)*exp(-xs)*((1 .-xs)*exp(xs)-(1 .+xs)*exp(-xs))/2.)
xlinqv(l)= xlinchar(l)*2.*ci*1 000.*96500.
xlinsurf(l)= (ABS(tot2*(1.+1 ./xs)/(4.*3.141 *xs**2.)*2.))**0.5
xsu rffree(I)= (4.*3.141*xs**2.)/( 1.+1./xs)*xlinsu rf(I)**2./2.
xqs(I)=(8.314*temp*eps)*xlinsurf(l)/96500.*xkap
surfz(I)=xqs(I)/96500.*6.022e23*4.*3.141 *(rs/1 el 0)**2.
write (*,40) rs,xqv/96500.*6.022e23*4./3.*3.141* rs/lelO)**3.$,xlinqv(I)/96500.*6.022e23*4./3.*3.141 *(rs/1el0)* 3.$, xqv,xlinqv(l),xqs(I),surfz(l),ci
write (25,40) rs,xqv/96500.*6.022e23*4./3.*3.141*(rs/1el0)**3.$,xlinqv(l)/96500.*6.022e23*4./3.*3.141 *(rs/1 e 10)**3.$, xqv,xlinqv(l),xqs(I),surfz(l),ci
1=1+1
if (l.gt.31)then
goto 50
endif
goto 3
40 format (f4.1,f7.2, f7.2,e10.3, e10.3 ,
$f10.4, f10.5, f10.5 )
50 continue
60 continue
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end
SUBROUTINE QOFIND(char,rs,xs,xqo)
double precision x,h,y(4),yout(4),dydx(5),xup
$ ,final,guess,upper,xlower,xqo
h=.005
M=2
sum=1000000.
x=0.
Icount=1
y(1)=-char* (1.-(1.+xs)*exp(-xs))
upper=1.75*y (1)
xlower=0.0001 *y(1)
5 continue
y(1 )=upper/2.+xlower/2.
guess=y(1)
x=0.
y(2) =0.
CALL DERIVS (x,y,dydx)
xup=(5*(rs/xs)+rs)/(rs/xs)
if (xs.It.20.)then
xup=l 1.
endif
do 10 i=0, int(xup/h)
CALL rk4 (y, ddx, M, x, h, yout, DERIVS)
C MODIFY THE DERIVATIVE FOR THE NEW CP AND Y
CALL DERIVS (x+h, yout, dydx)
if (yout(1)**2.0.gt.1.e-90)then
else
goto 11
endif
x= x+h
y(1)=yout 1
y(2)=yout(2
c if ((a s(i/4.-int(i/4)).It.0.0001)then
c write (*, 15)x-h,y(1),y(2),dydx(2),guess
c endif
if(x.gt.((4.9*(rs/xs)+rs)/(rs/xs))) then
sum=(y(1)**2.+dydx(1)**2.)
endif
10 CONTINUE
11 continue
if(y(1).gt.0)then
xlower=guess
else
upper=guess
endif
if ((sum**.5.1t.0.001).or.$ (abs(upper-xlower).It.1.e-8))then
final=guess
xqo=final
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goto 20
endif
goto 5
15 format (f10.4, f10.5, f10.5 , f10.5 , f10.5,
$f10.5, f10.5, f10.5 )
20 CONTINUE
100 continue
return
END
SUBROUTINE DERIVS(x, y, dydx)
common xs,char
double precision dydx(5), y(4),x
dydx(1)=y(2)
dydx(2)=(-2* (2)/x+sinh(y(1))+char)
if (x.It.1e-11)then
dydx(2)=(sinh(y(l))+char)
endif
if (x.gt.xs)then
endydx(2)=(-2*y(2)/x+sinh(y(1 )))endif
RETURN
END
SUBROUTINE INTEGRATE(arrayin,h,upper,xout)
DOUBLE PRECISION arrayin(0:120000),xout,sum,h
INTEGER I,i
I=0
xout=0.
sum=0.
do 10 i=l,int(upper/h/2.)
sum=sum+h/3.*(arrayin(I)+4.*arrayin(I+1 )+arrayin(l+2))
1=1+2
10 CONTINUE
k=0
if (sum**2.gt.l.e-90)then
else
c do 20 i=l,int(upper/h/2.)
c write (*,30)'sum,arrayin0,1,2'
c $ ,sum,arrayin(0),arrayin(1),arrayin(2)
k=k+2
20 continue
endif
xout=sum
30 format (a20, f10.5, f10.5 , f10.5 , f10.5,
$f10.5, f10.5, f10.5 )
RETURN
END
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Appendix D. Fortran subroutine used to calculate the partition coefficient of a
charged solid sphere in a charged fibrous matrix
c Fortran subroutine used to calculate the partition coefficient of a
c charged solid sphere in a charged fibrous matrix
c Glen Bolton 5/98
FUNCTION EPART(rs,rf,qs,gbmeq,ci,void)
double precision n, tau,B,as,agbm
c rs=20.
c rf=2.e-9
c qs=-0.0489
c gbmeq=-7.6
c ci=0.01
c void=.93
phi=-log(void)
xrs=rs/1 e 10
temp=300.
eps=78.3*8.854e-12
as=xrs*96500*qs/(8.314*temp*eps)
agbm=xrs*96500*(48250* bmeq/phi*rf)/(8.314*temp*eps)
kap=(ci*2*1000.*96500.**2/(8.314*temp*eps))**.5
tau=xrs*kap
B=rf/xrs
h=0.
epart=0
dh=1.e-10
I=0
100 continue
1=1+1
n=h*kap
gh=2*phi*(h+xrs+rf)/(rf**2)*exp(-phi*(h+xrs+rf)**2/(rf**2))
EA=as*agbm 2.3523*tau**-1.2472*B**.7599
EB=exp(-1.0956*n)
EC=as**2*.357*tau**-.9512*B**.5052
ED=exp(-3.7684*n)
EE=agbm**2*.4473*tau**-1 .1512*B**.931
EF=exp(-2.4987*n)
E=(8.314*temp/96500)**2*eps*xrs/(temp* .38e-23)*
$(EA*EB+EC*ED+EE*EF)
c print*,n,E,EA*EB+EC*ED+EE*EF
c write (*,111)'gh=', h,'E=',E
epart=epart+exp(- E)*gh*dh
c print*, exp(-E)*gh dh,n
if (l.gt.50)then
if (exp(-E)*gh*dh.lt.1e-6) then
goto 200
endif
endif
h=h+dh
goto 100
200 continue
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111 format(a4,f 1l 6.3,a4,f 16.3)
c print*,'part=', epart
end
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